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1.1	  	   Spatial	  hearing	  	  
Spatial	  hearing	  refers	  to	  the	  remarkable	  ability	  of	  the	  auditory	  system	  to	  create	  a	  sense	  of	  auditory	  
space.	  To	  understand	  spatial	  hearing,	  it	  is	  important	  to	  include	  an	  introduction	  to	  the	  anatomy	  and	  
physiology	  of	  the	  auditory	  system.	  The	  peripheral	  auditory	  system	  comprises	  the	  outer	  ear,	  middle	  
ear,	   and	   inner	   ear.	   The	   outer	   ear	   consists	   of	   the	   pinna	   and	   external	   ear	   canal.	   The	   tympanic	  
membrane	   separates	   the	   outer	   ear	   from	   the	   middle	   ear.	   The	   latter	   is	   an	   air-­‐filled	   cavity,	   which	  
contains	  the	  ossicular	  chain	   (malleus,	   incus,	  stapes).	  The	  footplate	  of	   the	  stapes	   is	  attached	  to	  the	  
oval	  window.	  The	  oval	  window	  can	  be	   thought	  of	   as	   the	  entrance	   to	   the	   inner	  ear.	   The	   inner	  ear	  
consists	  of	  two	  functional	  units,	  i.e.	  the	  cochlea	  (auditory	  apparatus)	  and	  the	  vestibulum	  (vestibular	  
apparatus).	  These	  structures	  are	  illustrated	  in	  Figure	  1.	  	  	  
	  
Figure	  1:	  Anatomy	  of	  the	  binaural	  auditory	  system	  (From	  San	  Francisco	  Audiology	  2013	  with	  permission)	  
Auditory	  processing	  starts	  when	  sound	  arrives	  at	  the	  outer	  ear.	  The	  outer	  ear	  collects	  sound	  waves.	  
These	   sound	   waves	   induce	   movement	   of	   the	   tympanic	   membrane	   and	   ossicular	   chain.	   The	  
movement	  of	  the	  stapes	  induces	  motion	  of	  the	  cochlear	  fluid,	  which	  in	  turn	  causes	  a	  traveling	  wave	  
of	  displacement	  along	  the	  basilar	  membrane.	  The	  displacement	  of	  the	  basilar	  membrane	  stimulates	  
the	  sensory	  cells	   in	  the	  cochlea.	  There	  are	  two	  types	  of	  sensory	  cells	   in	  the	  cochlea,	   i.e.	  outer	  and	  
inner	  hair	  cells.	  The	  outer	  hair	  cells	  act	  as	  a	  selective	  biological	  amplifier.	  The	  inner	  hair	  cells	  mainly	  
stimulate	  the	  afferent	  nerve	  fibers.	  These	  nerve	  fibers	  may	  convey	  frequency	  information	  by	  firing	  in	  
phase	  with	   the	   stimulus.	   This	   so-­‐called	   phase	   locking	   is	   limited	   to	   frequencies	   up	   to	   about	   4	   kHz	  
(review	  Joris	  &	  Smith	  2008).	  Frequency	  information	  is	  also	  conveyed	  by	  the	  place	  of	  stimulation.	  Due	  
to	  the	  mechanical	  properties	  of	  the	  basilar	  membrane,	  high-­‐frequency	  stimulation	  peaks	  at	  the	  base	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of	  the	  cochlea,	  whereas	  low-­‐frequency	  stimulation	  peaks	  at	  the	  apex.	  This	  frequency-­‐to-­‐place	  map	  is	  
referred	  to	  as	  tonotopy.	  The	  firing	  pattern	  of	  the	  auditory	  nerve	  fibers	  is	  transmitted	  to	  the	  central	  
auditory	   system.	   It	   is	  during	   this	  process	   that	  auditory	  perception,	   including	   the	   sense	  of	  auditory	  
space,	  is	  created.	  	  
To	  compute	  a	   sense	  of	  auditory	   space,	   the	  central	  auditory	   system	  processes	   two	   types	  of	   spatial	  
cues.	  First,	  spatial	  information	  is	  conveyed	  by	  spectral	  cues.	  The	  spectrum	  of	  a	  sound	  changes	  due	  to	  
reflections	  and	   resonances	  occurring	  at	   the	  head	  and	  pinna.	  These	  alterations	  primarily	  affect	   the	  
higher	   frequencies	   of	   the	   spectrum,	   because	   the	   wavelength	   of	   high-­‐frequency	   sounds	   is	   small	  
compared	  to	  the	  size	  of	  the	  head	  and	  pinna.	  The	  spectral	  changes	  vary	  depending	  on	  the	  elevation	  
of	  the	  sound	  source.	  Hence,	  these	  monaural	  spectral	  cues	  are	  primarily	  used	  to	  localize	  sound	  in	  the	  
vertical	   plane.	   Second,	   spatial	   hearing	   also	   relies	   on	   binaural	   cues.	   The	   central	   auditory	   system	  
analyzes	  the	  information	  provided	  by	  both	  ears.	  The	  physical	  properties	  of	  sound	  differ	  in	  opposite	  
ears,	   depending	   on	   the	   horizontal	   sound	   source	   location.	   Figure	   2,	   for	   instance,	   shows	   a	   sound	  
source	  that	  is	  placed	  at	  the	  left-­‐hand	  side	  of	  a	  listener.	  Since	  the	  head	  acts	  as	  an	  acoustic	  barrier,	  the	  
sound	   will	   be	   attenuated	   in	   the	   right	   ear.	   The	   difference	   in	   loudness	   level	   between	   both	   ears	   is	  
referred	  to	  as	  the	  interaural	  level	  difference	  (ILD).	  The	  sound	  will	  not	  only	  be	  attenuated,	  it	  will	  also	  
arrive	   later	  at	   the	   right	  ear.	  The	  difference	   in	  arrival	   time	  between	  both	  ears	   is	   referred	   to	  as	   the	  
interaural	  time	  difference	  (ITD).	  For	  periodic	  sounds,	  ITDs	  lead	  to	  interaural	  phase	  differences	  (IPDs).	  	  
	  
Figure	  2:	   Interaural	  time	  differences	  (ITDs)	  and	  interaural	  level	  differences	  
(ILDs)	  (From	  Francart	  2008	  with	  permission)	  
Binaural	   cues	   are	  mainly	   involved	   in	   horizontal	   sound	   localization.	   The	   duplex	   theory	   states	   that	  
horizontal	   localization	   of	   low-­‐frequency	   sounds	   relies	   on	   ITD	   processing,	   whereas	   horizontal	  
localization	  of	  high-­‐frequency	  sounds	  relies	  on	  ILD	  processing	  (Rayleigh	  1907).	  Although	  the	  duplex	  
theory	  explains	  horizontal	   localization	  of	  pure-­‐tones,	  the	  theory	  is	  not	  entirely	  correct	  for	  complex	  
sounds.	  High-­‐frequency	  sounds	  that	  are	  modulated	   in	  amplitude	  can	  be	   localized	  using	  ITDs	   in	  the	  
envelope	   of	   the	   signal.	   In	   short,	   ITDs	   are	   present	   in	   the	   onset,	   fine-­‐structure,	   and	   envelope	   of	  
complex	  signals	  (Figure	  3).	  There	  are	  numerous	  reviews	  on	  sound	  localization.	  Examples	  are	  Akeroyd	  
(2006),	  Dillon	  (2001),	  and	  Middlebrooks	  and	  Green	  (1991).	  




Figure	   3:	   Binaural	   cues	   in	   an	   amplitude-­‐modulated	   signal	   presented	   at	  
the	   left-­‐hand	   side	   of	   a	   listener.	   The	   signal	   contains	   ILDs,	   ITDs	   in	   the	  
carrier	   (fine-­‐structure	   ITDs,	   ITDFS),	   and	   ITDs	   in	   the	  modulator	   (envelope	  
ITDs,	  ITDENV)	  (From	  Laback	  et	  al.	  2015	  with	  permission)	  
Figure	  4	  schematically	  represents	  the	  major	  anatomical	  sites	  that	  are	  involved	  in	  the	  central	  auditory	  
processing	   of	   the	   above-­‐mentioned	   monaural	   and	   binaural	   spatial	   cues.	   Auditory	   nerve	   fibers	  
connect	  to	  neurons	  in	  the	  dorsal	  and	  ventral	  divisions	  of	  the	  cochlear	  nucleus.	  It	  is	  within	  the	  dorsal	  
cochlear	  nuclei	   that	   the	  processing	  of	  monaural	   spatial	   cues	   is	   thought	   to	  occur	   (e.g.	   Young	  et	   al.	  
1992).	   The	   majority	   of	   the	   neurons	   in	   the	   dorsal	   cochlear	   nucleus	   projects	   directly	   to	   the	  
contralateral	  inferior	  colliculus	  (IC).	  Neurons	  of	  the	  ventral	  parts	  of	  the	  cochlear	  nucleus	  target	  –	  via	  
the	  nuclei	  of	  the	  trapezoid	  body	  –	  to	  the	  superior	  olive	  complex	  (SOC).	  The	  SOC	  is	  the	  first	  level	  of	  
binaural	   convergence	   in	   the	  ascending	  auditory	  pathway.	   The	   SOC	   is	   a	   group	  of	  brainstem	  nuclei,	  
including	  the	  medial	  superior	  olive	  (MSO)	  and	  the	  lateral	  superior	  olive	  (LSO).	  Traditionally,	  the	  LSO	  
and	  MSO	  are	  thought	  to	  process	  different	  types	  of	  binaural	  cues	  (e.g.	  Yin	  &	  Chan	  1988).	  The	  majority	  
of	  neurons	  in	  the	  MSO	  receive	  excitatory	  input	  from	  both	  ears,	  are	  most	  sensitive	  to	  low-­‐frequency	  
sounds,	  and	  process	  ITDs.	  In	  contrast,	  the	  majority	  of	  LSO	  neurons	  receive	  inhibitory	  input	  from	  the	  
contralateral	   ear	   and	   excitatory	   input	   from	   the	   ipislateral	   ear.	   These	   LSO	   neurons	   are	   primarily	  
sensitivity	  to	  high	  frequency	  sounds	  and	  process	  ILDs.	  It	   is	  beyond	  the	  scope	  of	  this	  dissertation	  to	  
give	  a	  detailed	  overview	  of	  SOC	  binaural	  processing.	  However,	  it	  should	  be	  noted	  that	  recent	  studies	  
suggest	  more	  complex	  models	  of	  SOC	  binaural	  processing	  (for	  a	  review:	  Grothe	  et	  al.	  2010).	  The	  SOC	  
outputs	  project	  to	  the	  nuclei	  of	  the	  lateral	  lemniscus	  (LL)	  and	  the	  IC.	  The	  latter	  receives	  input	  from	  
numerous	   sites	  within	   the	   ascending	   auditory	  pathway.	   The	  high	  degree	  of	   convergence	   in	   the	   IC	  
provides	  the	  opportunity	  to	   integrate	  numerous	  streams	  of	  auditory	   information.	  Subsequently,	   IC	  
neurons	  target	  to	  the	  medial	  geniculate	  body	  (MGB),	  which	  in	  turn	  project	  to	  several	  targets	  in	  the	  
auditory	  cortex.	  Lesion	  studies	  have	  shown	  that	  damage	  to	  the	  auditory	  cortex	  severely	  disrupts	  the	  
ability	  to	   localize	  sounds	  (e.g.	  Zatorre	  &	  Penhume	  2001).	  Although	  these	  studies	  demonstrate	  that	  
the	   integrity	   of	   the	   auditory	   cortex	   is	   crucial	   for	   sound	   localization,	   the	   mechanisms	   underlying	  
cortical	  binaural	  processing	  are	  still	  poorly	  understood.	  




Figure	   4:	   Simplified	   representation	   of	   the	   ascending	   auditory	   pathway,	   emphasizing	   the	   major	   sites	   of	  
spatial	   processing.	   The	  black	   lines	   indicate	  projection	  with	  primarily	   excitatory	   effects,	  whereas	   the	   grey	  
lines	  indicate	  projections	  with	  primarily	  inhibitory	  effects.	  AC:	  auditory	  cortex,	  DNLL:	  dorsal	  nucleus	  of	  the	  
trapezoid	   body,	   IC:	   inferior	   colliculus,	   LNTB:	   lateral	   nucleus	   of	   the	   trapezoid	   body,	   LSO:	   lateral	   superior	  
olive,	  MGB:	  medial	   geniculate	  body,	  MNTB:	  medial	  nucleus	  of	   the	   trapezoid	  body,	  MSO:	  medial	   superior	  
olive,	  SC:	  superior	  colliculus,	  VCN:	  ventral	  cochlear	  nucleus	  (From	  Stecker	  &	  Gallun	  2012	  with	  permission).	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The	   processing	   of	   binaural	   cues	   not	   only	   enables	   horizontal	   sound	   localization,	   it	   also	   improves	  
speech	   perception	   in	   noise.	  When	   speech	   and	   noise	   are	   spatially	   separated,	   the	   central	   auditory	  
system	  processes	   binaural	   cues	   to	   generate	   a	   central	   representation	  with	   a	   higher	   signal-­‐to-­‐noise	  
ratio	  (SNR)	  than	  that	  of	  either	  ear.	  This	  phenomenon	  is	  known	  as	  binaural	  squelch.	  	  
There	   are	   other	   advantages	   to	   listening	   with	   two	   ears,	   which	   are	   not	   directly	   related	   to	   the	  
processing	   of	   binaural	   cues.	   First,	   the	   head	   shadow	   effect	   occurs	   when	   speech	   and	   noise	   are	  
spatially	  separated.	  Due	  to	  the	  physical	  presence	  of	  the	  head,	  the	  SNR	  differs	  in	  opposite	  ears.	  One	  
can	  benefit	  from	  this	  effect	  by	  attending	  to	  the	  ear	  with	  the	  most	  favorable	  SNR.	  Second,	  binaural	  
summation	  occurs	  when	   identical	   signals	  are	  presented	   to	  both	  ears.	   In	   this	   condition,	   signals	  are	  
perceived	  louder	  than	  if	  these	  are	  presented	  monaurally.	  For	  a	  review	  on	  binaural	  squelch,	  binaural	  
summation,	  and	  the	  head	  shadow	  effect,	  the	  reader	  is	  referred	  to	  Dillon	  (2001).	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1.2	  	   The	  deprived	  binaural	  system	  
The	   spatial	   auditory	   system	   is	   highly	   plastic,	   especially	   during	   early	   development.	   Animal	  models	  
have	  shown	  that	  the	  spatial	  auditory	  system	  can	  adapt	  to	  asymmetrical	  hearing	  in	  two	  distinct	  ways.	  
The	   first	   mechanism	   is	   called	   remapping.	   In	   this	   case,	   the	   central	   auditory	   system	   learns	   to	  
reinterpret	  the	  altered	  spatial	  cues	  (e.g.	  Knudsen	  et	  al.	  1984).	  The	  second	  mechanism	  is	  reweighting.	  
Reweighting	   implies	   that	   the	  central	  auditory	  system	  learns	  to	  rely	  on	  cues	  that	  are	  unaffected	  by	  
the	   hearing	   loss	   (Keating	   et	   al.	   2013,	  Newton	   1983).	   Developmental	   plasticity	   has	   both	   beneficial	  
and	  deleterious	  effects.	  On	  the	  one	  hand,	  it	  facilitates	  spatial	  processing	  in	  asymmetrical	  hearing.	  On	  
the	  other	  hand,	   it	   impairs	   spatial	   processing	  once	  normal	  hearing	  has	  been	   restored	   (Polley	  et	   al.	  
2013,	  Popescu	  &	  Polley	  2010,	  Whitton	  &	  Polley	  2011).	  	  
There	  is	  evidence	  that	  spatial	  hearing	  –	  albeit	  to	  a	  lesser	  extent	  –	  remains	  plastic	  through	  adulthood.	  
Adaptive	   changes	   in	   sound	   localization	   have	   been	   demonstrated	   in	   adult	   ferrets	   (Kacelnik	   et	   al.	  
2006)	   and	   humans	   (Van	  Wanrooij	   &	   Van	   Opstal	   2005).	   The	   underlying	  mechanisms	   are	   not	   fully	  
understood,	  but	   it	   is	  generally	  accepted	  that	  adult	  plasticity	   largely	  depends	  on	  behavioral	  training	  
(Kacelnik	  et	  al.	  2006).	  
These	  studies	  not	  only	  provide	  fundamental	   insight	  into	  spatial	  plasticity,	  they	  also	  have	  important	  
clinical	   implications.	   Unilateral	   cochlear	   implantation,	   for	   instance,	   has	   long	   been	   the	   standard	  
treatment	   for	   bilateral	   severe-­‐to-­‐profound	   hearing	   loss.	   Such	   unilateral	   implantation	   has	   been	  
shown	  to	  disrupt	  the	  developing	  binaural	  auditory	  system	  (Gordon	  et	  al.	  2007a,	  2007b,	  2008,	  2013,	  
Kral	  et	  al.	  2013).	  In	  the	  next	  section,	  we	  will	  discuss	  the	  recent	  attempts	  to	  restore	  binaural	  hearing	  
in	  cochlear	  implant	  users.	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1.3	  	   Attempts	  to	  restore	  binaural	  hearing	  with	  cochlear	  implants	  
Given	  the	  advantages	  of	  binaural	  hearing,	  there	  is	  an	  increasing	  interest	  to	  restore	  binaural	  hearing	  
in	   cochlear	   implant	   (CI)	  users.	  Before	  describing	   the	  attempts	   to	   restore	  binaural	  hearing	   in	   these	  
patients,	  the	  indications,	  design,	  and	  limitations	  of	  cochlear	  implantation	  are	  reviewed.	  	  
Indications	  for	  cochlear	  implantation	  
Cochlear	   implantation	   is	   the	   standard	   treatment	   for	   bilateral	   severe-­‐to-­‐profound	   sensorineural	  
hearing	   loss.	  This	   type	  of	  hearing	   loss	   is	  most	  commonly	  caused	  by	  severe	  damage	  to	   the	  sensory	  
hair	  cells	  in	  the	  cochlea,	  which	  disrupts	  the	  connection	  between	  the	  peripheral	  and	  central	  auditory	  
system.	   CIs	   partially	   restore	   hearing	   by	   bypassing	   the	   malfunctioning	   peripheral	   sensory	   organ	  
through	  direct	   stimulation	  of	   the	  auditory	  nerve	   fibers.	   The	  earliest	   implants	  only	  provided	   sound	  
awareness.	   However,	   continuous	   advances	   in	   CI-­‐technology	   have	   led	   to	   improved	   post-­‐operative	  
outcome.	   To	   date,	   the	   majority	   of	   CI-­‐users	   achieve	   open-­‐set	   speech	   recognition,	   even	   without	  
lipreading	  cues.	  These	  advances	  have	  led	  to	  a	  relaxation	  of	  the	  implantation	  criteria.	  	  
CI-­‐candidacy	   has	   extended	   to	   include	   hearing-­‐impaired	   individuals	   with	   increasing	   amounts	   of	  
residual	  hearing.	  Nowadays,	  cochlear	  implantation	  is	  considered	  in	  patients	  who	  do	  not	  benefit	  from	  
conventional	   hearing	   aids	   (HAs)	   despite	   having	   some	   degree	   of	   residual	   hearing.	   There	   is	   thus	   a	  
rapidly	  expanding	  group	  of	  CI-­‐users	  who	  have	  residual	  hearing	  in	  the	  ipsilateral	  or	  contralateral	  ear.	  
The	   term	   ‘bimodal	   hearing’	   is	   used	   if	   subjects	   have	   access	   to	   contralateral	   acoustical	   stimulation,	  
whereas	  the	  term	  ‘electrical-­‐acoustical	  stimulation	  (EAS)’	  is	  applied	  in	  the	  case	  of	  ipsilateral	  residual	  
hearing.	  Ipsilateral	  residual	  hearing	  can	  be	  preserved	  due	  to	  the	  development	  of	  surgical	  techniques	  
that	  minimize	  trauma	  to	  the	  cochlear	  structures.	  In	  both	  bimodal	  and	  EAS-­‐patients,	  the	  ear	  with	  the	  
residual	  hearing	  usually	  requires	  amplification	  by	  a	  conventional	  HA	  (review	  Arnoldner	  &	  Lin	  2013).	  	  
Another	  trend	  is	  that	  cochlear	  implantation	  has	  been	  provided	  in	  geriatric	  patients	  of	  increasing	  age.	  
Age-­‐related	  hearing	  loss	  is	  amongst	  the	  most	  common	  health	  conditions	  affecting	  older	  adults	  (U.S.	  
Department	  of	  Health	  and	  Human	  Services,	  2016).	  During	   the	  aging	  process	  changes	   take	  place	  at	  
the	   level	   of	   the	   peripheral	   auditory	   system.	   A	   loss	   of	   sensory	   hair	   cells,	   changes	   in	   the	   stria	  
vascularis,	  and	  a	  loss	  of	  neural	  fibers	  have	  been	  documented	  (review	  Schmiedt	  2010).	  Besides	  these	  
peripheral	   changes,	   declines	   in	   central	   auditory	   processing	   and	   cognitive	   function	   seem	   to	  
contribute	   to	   age-­‐related	   hearing	   loss	   (review	   Tun	   et	   al.	   2012).	   Since	   CIs	   directly	   stimulate	   the	  
auditory	   nerve	   fibers,	   it	   relies	   on	   the	   status	   and	   functioning	  of	   the	   central	   auditory	   pathways.	  An	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initial	   concern	   was	   that	   the	   aging	   brain	   would	   restrict	   CI-­‐performance.	   However,	   there	   is	   strong	  
evidence	   that	   cochlear	   implantation	   in	   older	   adults	   is	   not	   only	   safe,	   it	   also	   improves	   speech	  
perception,	  communication,	  and	  mental	  health.	  Although	  individual	  factors,	  such	  as	  general	  health	  
and	  motivation,	   should	   be	   taken	   into	   account,	   it	   can	   be	   stated	   that	   biological	   age	   itself	   is	   not	   a	  
contra-­‐indication	  for	  cochlear	  implantation	  (Clark	  et	  al.	  2012,	  Lin	  et	  al.	  2012).	  	  
Cochlear	  implant	  design	  
Figure	  5	   shows	  a	  CI-­‐system	  with	   its	   typical	   components.	  CIs	   contain	  an	  external	  and	   internal	  part.	  
The	  external	  part	  includes:	  (1)	  a	  speech	  processor	  and	  (2)	  a	  headpiece.	  The	  internal	  part	  contains:	  (3)	  
the	   receiver-­‐stimulator,	   which	   is	   implanted	   under	   the	   skin	   and	   (4)	   an	   electrode-­‐array,	   which	   is	  
inserted	  in	  the	  cochlea.	  	  
	  
Figure	  5:	  The	  cochlear	  implant	  (From	  U.S.	  Department	  of	  Health	  and	  
Human	  Services	  –	  National	  Institute	  of	  Health	  –	  National	  Institute	  on	  
Deafness	  and	  other	  Communications	  Disorders	  2014	  with	  permission)	  
The	  speech	  processor	  uses	  a	  microphone	  to	  pick	  up	  sound	  and	  convert	   it	   into	  a	  digital	  signal.	  This	  
digital	   signal	   is	   processed	   using	   a	   specific	   speech	   processing	   strategy	   and	   is	   then	   encoded	   into	   a	  
radio-­‐frequency	  (RF)	  code.	  The	  headpiece	  –	  which	   is	  kept	   in	  place	  by	  a	  magnet	  that	   is	  attracted	  to	  
the	  receiver-­‐stimulator	  –	  transmits	  the	  RF	  code	  to	  the	  receiver-­‐stimulator.	  This	  receiver-­‐stimulator	  
converts	  the	  RF	  code	  into	  a	  pattern	  of	  electrical	  currents.	  The	  pattern	  is	  then	  sent	  to	  the	  electrode-­‐
array.	  Depending	  on	   the	  CI-­‐manufacturer,	   the	  electrode-­‐array	  contains	  12	   to	  22	  electrodes,	  which	  
roughly	   respect	   the	   tonotopy	   of	   the	   cochlea.	   This	   means	   that	   basal	   electrodes	   present	   high-­‐
frequency	  signals,	  whereas	  apical	  electrodes	  present	   low-­‐frequency	  signals.	  The	  electrical	   currents	  
delivered	   by	   the	   electrodes	   stimulate	   the	   auditory	   nerve	   fibers.	   The	   firing	   of	   the	   nerve	   fibers	   is	  
transmitted	  to	  the	  central	  auditory	  system,	  where	  it	  is	  perceived	  as	  sound.	  	  




The	  majority	  of	  unilateral	  CI-­‐users	  achieve	  open-­‐set	  speech	  recognition	  in	  quiet	  listening	  conditions.	  
However,	  performance	  on	  more	  complex	  auditory	  tasks	  is	  usually	  poor.	  Unilateral	  CI-­‐users	  typically	  
experience	   difficulties	   with	   pitch	   perception,	   speech	   perception	   in	   noise,	   sound	   localization,	   and	  
music	  appreciation	  (review	  Wilson	  2008).	  
The	  poor	  performance	  on	  complex	  auditory	   tasks	  can	   in	  part	  be	  explained	  by	   the	  shortcomings	  of	  
the	   current	   implant	   design.	   First,	   CIs	   only	   provide	   a	   rudimentary	   representation	   of	   the	   original	  
sound.	   Most	   current	   speech	   processing	   strategies	   extract	   the	   envelope	   and	   discard	   the	   fine-­‐
structure	   information	   of	   the	   original	   signal.	   Although	   high	   levels	   of	   speech	   perception	   can	   be	  
achieved	  with	  envelope	  cues	  of	  a	  limited	  amount	  of	  spectral	  channels	  (Shannon	  et	  al.	  1995),	  the	  lack	  
of	  fine-­‐structure	  information	  compromises	  pitch	  perception	  (Smith	  et	  al.	  2002).	  This	   in	  turn	  affects	  
speech	  perception	  in	  noise	  and	  music	  appreciation.	  Second,	  the	  electrode	  design	  is	  suboptimal.	  Even	  
with	  22	  electrodes,	  CI-­‐users	  perform	  as	  if	  they	  would	  only	  have	  4	  to	  10	  electrodes	  (e.g.	  Garnham	  et	  
al.	  2002).	  One	  explanation	  for	  this	  finding	  is	  that	  the	  electrical	  fields	  of	  adjacent	  electrodes	  overlap.	  
Peripheral	   and	   central	   effects	  of	  masking,	   temporal	   integration,	  or	   refractoriness	  may	  additionally	  
contribute	   to	   the	   limited	   amount	   of	   effective	   channels	   (review	  Wilson	   2008).	   Third,	   the	   insertion	  
depth	  of	  the	  electrode-­‐array	  is	  limited	  by	  the	  decreasing	  lumen	  of	  the	  scala	  tympani	  from	  the	  base	  
to	   the	   apex.	   Hence,	   even	   the	   longest	   electrode-­‐arrays	   do	   not	   cover	   the	   entire	   cochlea.	   This	  
incomplete	  coverage	  causes	  a	  mismatch	  between	   the	   frequency	  band	  of	   the	  electrical	   stimulation	  
and	  the	  tonotopic	  organization	  of	  the	  cochlea.	  This	  is	  often	  referred	  to	  as	  the	  place	  mismatch.	  	  
In	  addition	  to	  the	  shortcomings	  of	  the	  current	  implant	  design,	  some	  of	  the	  above-­‐mentioned	  hearing	  
problems	   are	   inherent	   to	   unilateral	   auditory	   stimulation.	   The	   lack	   of	   binaural	   cues	   affects	   sound	  
localization	   and	   speech	   perception	   in	   noise.	   To	   improve	   performance	   with	   current	   CIs,	   bilateral	  
auditory	   input	   has	   been	   provided.	   An	   increasing	   amount	   of	   CI-­‐users	   receive	   a	   second	   implant	  
(bilateral	  implantation)	  or	  wear	  a	  contralateral	  hearing	  aid	  (bimodal	  hearing).	  	  
Bilateral	  implantation	  
Bilateral	  implantation	  aims	  to	  provide	  interaural	  symmetry,	  which	  promotes	  the	  use	  of	  bilateral	  and	  
binaural	  effects.	  Speech	  perception	   in	  noise	  generally	   improves	  with	  bilateral	  CI	  and	   this	   is	  mainly	  
due	   to	   the	   head	   shadow	   effect	   (Gifford	   et	   al.	   2014,	   Litovsky	   et	   al.	   2006,	   Schleich	   et	   al.	   2004).	  
Binaural	   summation	   and	   squelch	   have	   been	   demonstrated	   in	   some	   bilateral	   CI-­‐users,	   but	   not	   in	  
others	  (Gantz	  et	  al.	  2002,	  Gifford	  et	  al.	  2014,	  Litovsky	  et	  al.	  2006,	  Schleich	  et	  al.	  2004).	  Besides	  the	  
benefits	   in	   terms	   of	   speech	   perception	   in	   noise,	   bilateral	   implantation	   also	   improves	   sound	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localization	  (Litovsky	  et	  al.	  2006,	  Nopp	  et	  al.	  2004,	  Van	  Deun	  et	  al.	  2010).	  This	  is	  mainly	  based	  on	  ILD	  
processing	   (Seeber	   &	   Fastl	   2008),	   which	   suggests	   that	   bilateral	   implantation	   can	   partly	   restore	  
binaural	  processing.	  To	  promote	  binaural	  processing	  with	  bilateral	  implants,	  the	  sensitive	  period	  for	  
binaural	   hearing	   should	   be	   respected	   (Gordon	   et	   al.	   2007a,	   2007b,	   2008,	   2013,	   Van	   Deun	   et	   al.	  
2010).	   Hence,	   pre-­‐lingually	   deaf	   children	   receive	   bilateral	   implants	   with	   relatively	   short	   delays	  
between	  the	  first	  and	  second	  implant.	  Recent	  studies	  show	  that	  the	  inter-­‐implant	  delay	  should	  not	  
exceed	  two	  years	  (Gordon	  et	  al.	  2007a,	  2007b,	  2008,	  2013).	  
Bimodal	  hearing	  
Since	  the	  Belgian	  health	  insurance	  reimburses	  only	  one	  implant	  in	  bilateral	  hearing-­‐impaired	  adults,	  
bimodal	   hearing	   is	   the	   standard	   treatment	   in	   adult	   CI-­‐users	   with	   contralateral	   residual	   hearing.	  
Bimodal	  listeners	  combine	  electrical	  (CI)	  hearing	  in	  one	  ear	  with	  acoustical	  (residual)	  hearing	  in	  the	  
other	   ear.	   The	   acoustical	   hearing	   is	   usually	   restricted	   to	   the	   low	   frequencies	   and	   often	   requires	  
amplification	  by	  a	  conventional	  hearing	  aid	  (HA).	  Despite	  the	  poor	  performance	  with	  the	  HA	  alone,	  
CI-­‐performance	   generally	   improves	   when	   adding	   the	   contralateral	   HA.	   Psychoacoustic	   research	  
indeed	  shows	  improved	  speech	  perception	  in	  noise	  (Ching	  et	  al.	  2004,	  Crew	  et	  al.	  2015,	  Dunn	  et	  al.	  
2005,	   Kong	   et	   al.	   2005,	  Mok	  et	   al.	   2006,	  Morera	   et	   al.	   2005,	   2012,	   	   Potts	   et	   al.	   2009,	   Tyler	   et	   al.	  
2002),	  sound	  localization	  (Ching	  et	  al.	  2004,	  Morera	  et	  al.	  2012,	  	  Potts	  et	  al.	  2009,	  Seeber	  et	  al.	  2004,	  
Tyler	  et	  al.	  2002),	  and	  music	  appreciation	  (Crew	  et	  al.	  2015,	  El	  Fata	  et	  al.	  2009,	  Kong	  et	  al.	  2005)	  in	  
bimodal	  compared	  to	  CI-­‐only	  listening.	  These	  improvements	  may	  result	  from	  two	  effects.	  First,	  the	  
acoustical	  hearing	  provides	  low-­‐frequency	  temporal	  fine-­‐structure	  information	  that	  is	  unavailable	  in	  
most	   CI-­‐systems.	   The	   availability	   of	   low-­‐frequency	   temporal	   fine-­‐structure	   information	   improves	  
pitch	   perception,	   speech	   perception	   in	   noise,	   and	   music	   appreciation.	   Second,	   bimodal	   hearing	  
provides	  bilateral	  auditory	   input.	  Hence,	  some	  bimodal	   listeners	  may	  rely	  on	  bilateral	  and	  binaural	  
effects	  to	  enhance	  speech	  perception	  in	  noise	  and	  sound	  localization.	  	  
Although	  bimodal	  hearing	  may	  improve	  spatial	  hearing,	  performance	  on	  spatial	  tasks	  is	  usually	  poor	  
compared	  to	  bilateral	  CI-­‐users	  (Dorman	  et	  al.	  2016).	  As	  reviewed	  by	  Francart	  and	  McDermott	  (2013),	  
the	  interaural	  asymmetry	   in	  bimodal	  hearing	  affects	   ITD	  and	  ILD	  cues.	  First,	  fine-­‐structure	  ITDs	  are	  
unavailable	  for	  bimodal	  listeners	  since	  fine-­‐structure	  information	  is	  usually	  discarded	  by	  the	  implant.	  
Second,	  onset	   and	  envelope	   ITDs	  may	  be	  disrupted	  by	   the	   temporal	  disparity	  between	  both	  ears.	  
This	  disparity	   is	  caused	  by	  the	  different	  processing	  times	  of	  the	  CI	  and	  HA,	  as	  well	  as	  by	   interaural	  
differences	   in	   neural	   activation.	   While	   the	   electrical	   stimulation	   directly	   stimulates	   the	   auditory	  
nerve	  fibers,	  acoustical	  stimulation	  passes	  through	  the	  middle	  and	  inner	  ear	  before	  stimulating	  the	  
auditory	   nerve	   fibers.	   The	   acoustical	   stimulation	   is	   therefore	   delayed	   relative	   to	   the	   electrical	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stimulation.	   Third,	   ILDs	   are	   affected	   by	   interaural	   differences	   in	   pre-­‐processing,	   loudness	   growth,	  
and	  the	  available	  frequency	  range.	  The	  latter	  affects	  ILD	  sensitivity	  since	  residual	  hearing	  is	  typically	  
restricted	  to	  the	  low	  frequencies,	  while	  ILDs	  are	  most	  prominent	  for	  the	  high	  frequencies.	  Last,	  both	  
ILD	  and	   ITD	  sensitivity	  may	  be	  affected	  by	   the	  so-­‐called	  place	  mismatch.	  Since	   the	  electrode-­‐array	  
does	   not	   cover	   the	   entire	   length	   of	   the	   cochlea,	   there	   is	   a	  mismatch	   in	   the	   place	   of	   stimulation	  
between	  the	  electrical	  and	  acoustical	  stimulation	  in	  opposite	  ears.	  	  
Noteworthy	  is	  the	  large	  inter-­‐subject	  variability	  in	  bimodal	  benefit.	  Some	  bimodal	  listeners	  lack	  the	  
ability	  to	   localize	  sound	   in	  the	  horizontal	  plane,	  while	  others	  are	  able	  to	  discriminate	  between	   left	  
and	  right	  sound	  source	   locations	  (Dunn	  et	  al.	  2005,	  Seeber	  et	  al.	  2004).	  There	   is	  also	  a	   large	   inter-­‐
subject	   variability	   in	   terms	   of	   speech	   perception	   in	   noise.	   Although	   speech	   perception	   in	   noise	  
usually	  improves	  in	  bimodal	  compared	  to	  CI-­‐only	  listening,	  some	  individuals	  seem	  to	  perform	  worse	  
in	  the	  bimodal	  condition	  (Dunn	  et	  al.	  2005,	  Mok	  et	  al.	  2006).	  
Several	  factors	  contribute	  to	  the	  inter-­‐subject	  variability	  in	  bimodal	  outcome.	  The	  hearing	  status	  and	  
device	   settings	   vary	   considerably	   across	   individuals.	  Another	  potential	   factor,	  which	  has	  been	   less	  
investigated,	   is	   the	  effect	  of	   central	  auditory	  processing	  capacities.	  Bimodal	   listeners	  may	  differ	   in	  
their	  ability	  to	  integrate	  the	  electrical	  and	  acoustical	  signals	  presented	  in	  opposite	  ears	  (Dunn	  et	  al.	  
2005).	  Unlike	  bilateral	  CI-­‐users,	  bimodal	  listeners	  combine	  two	  different	  stimulation	  modes	  and	  this	  
may	   cause	   a	   perceptual	   conflict.	   To	   date,	   it	   is	   unclear	   how	   the	   central	   auditory	   system	   combines	  
electrical	   and	   acoustical	   signals.	   A	   better	   understanding	   of	   these	   mechanisms	   may	   lead	   to	   more	  
adequate	   counseling.	   Patients	  who	   do	   not	   integrate	   electrical	   and	   acoustical	   stimulation	  may,	   for	  
instance,	  benefit	  more	  from	  bilateral	  CI.	  Furthermore,	  a	  better	  understanding	  of	  the	  effects	  of	  the	  
interaural	   place	   mismatch	   and	   interaural	   timing	   disparity	   may	   affect	   future	   speech	   processing	  
strategies	   and	   fitting	   procedure,	   which	   may	   focus	   on	   decreasing	   the	   interaural	   asymmetry	   in	  
bimodal	  hearing.	  This	  in	  turn	  may	  enhance	  spatial	  hearing	  in	  bimodal	  listeners.	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1.4	  	   Binaural	  interaction	  in	  auditory	  evoked	  potentials	  
Auditory	  evoked	  potentials	  (AEPs)	  have	  been	  widely	  used	  to	  investigate	  central	  auditory	  processing,	  
including	   binaural	   processing.	   Hence,	   AEPs	   may	   provide	   a	   technique	   to	   assess	   central	   auditory	  
processing	  of	  simultaneously	  presented	  electrical	  and	  acoustical	  signals	  in	  bimodal	  CI-­‐users.	  	  
Mechanisms	  underlying	  electrophysiological	  measures	  
To	  understand	  the	  mechanisms	  underlying	  AEPs,	   it	   is	   important	   to	  review	  certain	  principles	  of	   the	  
central	  nervous	  system.	  The	  central	  nervous	  system	  is	  composed	  of	  nerve	  cells	  or	  neurons.	  The	  main	  
function	  of	  neurons	  is	  to	  exchange	  information.	  The	  communication	  between	  neurons	  takes	  place	  at	  
specific	   contact	   areas,	   called	   synapses.	   When	   a	   presynaptic	   element	   is	   stimulated,	   it	   releases	  
neurotransmitters.	  These	  neurotransmitters	  bind	  to	  the	  membrane	  of	  the	  postsynaptic	  neuron.	  This	  
changes	  the	  permeability	  of	   the	  cell	  membrane,	  which	   in	  turn	  causes	  a	   flux	  of	   ions.	  Consequently,	  
the	   polarization	   of	   the	   postsynaptic	   membrane	   changes,	   resulting	   in	   a	   postsynaptic	   potential.	  
Postsynaptic	   potentials	   can	   be	   excitatory	   or	   inhibitory.	   Depending	   on	   the	   balance	   between	  
excitatory	   or	   inhibitory	   postsynaptic	   potentials,	   the	   summed	   activity	   of	   several	   postsynaptic	  
potentials	   may	   reach	   a	   specific	   threshold	   at	   which	   an	   action	   potential	   is	   generated	   in	   the	  
postsynaptic	  neuron	  (Picton	  2011a).	  	  
	  	  
Figure	   6:	   The	   anatomy	   of	   a	   typical	   neuron.	  
Schematic	   representation	   of	   a	   pyramidal	  
neuron	   as	   a	   dipole	   (From	   Luck	   &	   Girelli	   1998	  
with	  permission)	  
Figure	  6	  shows	  a	  schematic	  representation	  of	  the	  voltage	  that	  occurs	   in	  the	  postsynaptic	  element.	  
When	  a	  postsynaptic	  dendrite	  is	  depolarized	  by	  the	  release	  of	  excitatory	  neurotransmitters,	  positive	  
ions	  will	   flow	   from	   the	   extracellular	   space	   into	   the	   dendrite.	   Hence,	   the	   extracellular	   fluid	   in	   the	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region	  of	  the	  dendrites	  becomes	  relatively	  negative.	  To	  close	  the	  circuit,	  current	  flows	  back	  into	  the	  
extracellular	  space	  at	  the	  region	  of	  the	  cell	  body.	  A	  relatively	  positive	  potential	  is	  thus	  created	  in	  the	  
extracellulair	  fluid	  around	  the	  cell	  body.	  Hence,	  a	  small	  current	  dipole	  is	  created	  (Luck	  2005,	  Picton	  
2011a).	   The	   potentials	   caused	   by	   these	   dipolar	   current	   sources	   can	   sum	   up	   in	   time	   and	   space.	  
Summation	  in	  time	  occurs	  through	  synchronized	  activity	  of	  a	  large	  number	  of	  neurons.	  Summation	  
in	  space	  occurs	  when	  active	  neurons	  are	  similarly	  oriented	  (Figure	  7).	  The	  summation	  of	  extracellular	  
postsynaptic	  potentials	  of	  a	  large	  group	  of	  neurons	  leads	  to	  what	  is	  referred	  to	  as	  extracellular	  fields.	  
These	   extracellular	   currents	   are	   conducted	   through	   the	   conductive	  medium	   of	   the	   brain	   (volume	  
conduction).	   Potential	   differences	   caused	   by	   volume	   conducted	   currents	   can	   be	   recorded	   at	   the	  
scalp	  (Luck	  2005).	  	  
	  
Figure	   7:	   Open	   versus	   closed	   field	   according	   to	   Lorente	   de	  
Nó,	  1947	  (From	  Beynon	  2005	  with	  permission)	  
Auditory	  evoked	  potentials	  	  
Electroencephalography	  (EEG)	  is	  the	  technique	  in	  which	  postsynaptic	  potentials	  of	  a	  large	  number	  of	  
synchronized	  neurons	  are	   recorded	  at	   the	   scalp.	   The	  EEG	  changes	  when	   sound	   is	  presented.	   	   The	  
changes	  in	  the	  EEG	  that	  are	  phase-­‐	  and	  time-­‐locked	  to	  the	  auditory	  stimuli	  are	  known	  as	  AEPs.	  AEPs	  
can	  be	  extracted	  from	  the	  EEG	  by	  a	  technique	  called	  signal	  averaging.	  By	  recording	  the	  responses	  to	  
repeated	  stimulus	  presentations	   the	   random	  EEG	   is	   reduced,	  whereas	   the	  phase-­‐	  and	   time-­‐locked	  
AEPs	  are	  enhanced.	  	  
There	   are	   several	   ways	   to	   classify	   AEPs.	   First,	   AEPs	   can	   be	   divided	   into	   transient,	   sustained,	   and	  
steady-­‐state	  responses	  (Picton	  2011b).	  Transient	  responses	  are	  potentials	  evoked	  by	  a	  change	  in	  the	  
stimulus,	   such	   as	   an	   on-­‐	   or	   offset.	   Sustained	   responses	   are	   evoked	   continuously	   throughout	   the	  
stimulus	   presentation.	   Steady-­‐state	   responses	   can	   be	   recorded	   if	   the	   stimulus	   changes	   regularly.	  
Second,	   AEPs	   have	   been	   classified	   according	   to	   their	   latency,	   i.e.	   the	   time	   between	   the	   stimulus	  
onset	  and	  the	  onset	  of	  the	  response.	  According	  to	  this	  classification	  first,	  fast,	  middle,	  slow,	  and	  late	  
AEPs	  can	  be	  distinguished	   (Davis	  1976).	  Third,	  AEPs	  can	  be	  classified	  according	   to	   their	  generator.	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AEPs	   can	  originate	   from	   the	  cochlea,	  auditory	  brainstem,	  or	   cortex.	   Fourth,	  AEPs	   can	  be	  classified	  
according	  to	  their	  relation	  to	  the	  perception	  of	  the	  stimulus,	  i.e.	  exogenous	  or	  endogenous	  (Donchin	  
et	  al.	  1978,	  Sutton	  et	  al.	  1965).	  Exogenous	  AEPs	  primarily	  depend	  on	  the	  physical	  properties	  of	  the	  
stimuli,	  whereas	  endogenous	  AEPs	  are	  mainly	  related	  to	  the	  subject’s	  attitude	  towards	  the	  stimulus	  
(Sutton	  et	  al.	  1965).	  Noteworthy	  is	  that	  the	  classification	  into	  exogenous	  and	  endogenous	  auditory	  
evoked	  potentials	   is	  more	  complex	  than	  originally	  defined	  by	  Sutton	   (1965).	  Top-­‐down	  effects	  can	  
affect	   exogenous	   potentials,	   while	   the	   stimulus	   properties	   can	   –	   to	   some	   extent	   –	   influence	  
endogenous	  potentials.	  Hence,	   the	  classification	   into	  exogenous	  and	  endogenous	  potential	   should	  
be	  viewed	  as	  a	  continuum	  (Picton	  and	  Hillyard	  1974).	  Table	  1	  summarizes	   the	  classification	  of	   the	  
most	  commonly	  used	  AEPs.	  	  
Table	  1:	  Classification	  of	  the	  most	  common	  auditory	  evoked	  potentials	  (adapted	  from	  Picton	  2011b).	  
	  
This	   dissertation	  will	   focus	   on	   transient	   AEPs.	   Figure	   8	   shows	   a	   series	   of	   transient	   AEPs	   from	   the	  
early	  cochlear	  to	  the	  late	  cortical	  responses.	  	  
	  
Figure	  8:	  Auditory	  evoked	  potentials	  (From	  Beynon	  2005	  with	  permission)	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The	   auditory	   brainstem	   response	   (ABR)	   occurs	   within	   the	   first	   10	  ms	   after	   the	   presentation	   of	   a	  
short	  stimulus,	  most	  commonly	  a	  click.	  The	  click	  ABR	  consists	  of	  five	  to	  seven	  vertex-­‐positive	  waves,	  
which	  are	  indicated	  with	  Roman	  numerals	  (Jewett	  &	  Williston	  1971).	  Waves	  I	  and	  II	  originate	  from	  
the	   auditory	   nerve.	   The	   neural	   sources	   of	   the	   later	   waves	   are	   more	   complex,	   but	   it	   is	   generally	  
assumed	   that	   wave	   III	   originates	   from	   the	   cochlear	   nucleus,	   wave	   IV	   from	   the	   superior	   olivary	  
complex,	  wave	  V	  from	  the	  lateral	  lemniscus,	  wave	  VI	  from	  the	  inferior	  colliculus,	  and	  wave	  VII	  from	  
the	  medial	  geniculate	  body	  (Møller	  1985).	  The	  most	  prominent	  waves	  in	  the	  ABR	  are	  waves	  I,	  III,	  and	  
V.	   Following	   the	   ABR,	   the	  middle-­‐latency	   responses	   (MLRs)	   occur.	  MLRs	   are	   thought	   to	   originate	  
from	  thalamo-­‐cortical	  projections	  (McGee	  et	  al.	  1991,	  Woods	  &	  Clayworth	  1985).	  The	  MLR	  consists	  
of	  a	  series	  of	  positive	  and	  negative	  peaks	  called	  Na,	  Pa,	  Nb,	  and	  Pb	  (Mendel	  &	  Goldstein	  1969).	  Pb	  is	  
often	  considered	  to	  be	  the	  first	  peak	  of	  the	  late	  latency	  responses	  (LLRs),	  where	  it	  is	  labeled	  as	  P1.	  
The	  positive	  P1	   is	   followed	  by	  a	  negative	  component	   (N1),	  and	  a	  smaller	  positive	  component	   (P2).	  
This	  series	  of	  peaks	  is	  often	  referred	  to	  as	  the	  P1-­‐N1-­‐P2	  complex.	  These	  components	  are	  generated	  
by	  complex	  sources,	  including	  the	  auditory	  cortices	  (Picton	  et	  al.	  1999,	  Scherg	  &	  Von	  Cramon	  1986,	  
Scherg	  et	  al.	  1989,	  Wood	  &	  Wolpaw	  1982).	  
The	  morphology	   of	   the	   LLR	   changes	  when	   a	   deviant	   stimulus	   is	   presented	   in	   a	   series	   of	   standard	  
stimuli.	  The	  deviant	  stimulus	  in	  this	  so-­‐called	  oddball	  paradigm	  elicits	  a	  mismatch	  negativity	  (MMN)	  
(Näätänen	  et	  al.	  1978).	  The	  MMN	  can	  result	  from	  an	  increase	  of	  the	  later	  part	  of	  N1,	  a	  separate	  N2,	  
or	   a	   decrease	   of	   P2	   (Picton	   2011c).	   The	  MMN	   can	   be	   recorded	   even	   if	   the	   subject	   is	   not	   actively	  
attending	  to	  the	  deviant	  stimuli.	  This	  passive	  listening	  condition	  makes	  the	  MMN	  a	  useful	  technique	  
to	  assess	  difficult-­‐to-­‐test	  populations	   (Näätänen	  1995).	  However,	   the	  clinical	  utility	  of	   the	  MMN	   is	  
hampered	  by	   its	  poor	  SNR	  (Dalebout	  &	  Fox	  2001,	  Groenen	  et	  al.	  1996,	  Pettigrew	  et	  al.	  2004).	  The	  
latter	   is	   illustrated	   in	   Figure	  9.	  As	   shown	   in	   Figure	  9,	   a	  more	   robust	   response	   is	   elicited	  when	   the	  
subject	  is	  actively	  attending	  to	  the	  deviant	  stimuli	  (Sheatz	  &	  Chapman	  1969,	  Sutton	  et	  al.	  1965).	  In	  
this	  case,	  a	  cognitive	  P300	  event-­‐related	  potential	  (ERP)	  –	  also	  referred	  to	  as	  the	  P3	  –	  is	  generated.	  	  




Figure	   9:	   AEPs	   to	   the	   standard	   stimuli	   (full	   grey	   line)	   and	   deviant	   stimuli	   (full	  
black	   line)	   an	   oddball	   paradigm.	   The	   left	   pannels	   show	   the	   AEPs	   in	   an	   active	  
listening	   condition.	   The	   right	   pannels	   show	   the	   AEPs	   to	   the	   passive	   listening	  
condition	  (From	  Martin	  et	  al.	  2008	  with	  permission)	  	  
Despite	   the	   simplicity	   of	   the	   task,	   the	   neurobiology	   of	   the	   P300	   ERP	   is	   highly	   complex.	   Several	  
subcomponents	  and	  multiple	  generation	  sites	  have	  been	  suggested.	  The	  major	  components	  of	  the	  
P300	  response	  are	  the	  P3a	  and	  P3b	  (Dien	  et	  al.	  2004,	  Squires	  et	  al.	  1975).	  The	  P3a	  has	  a	  more	  frontal	  
scalp	  distribution	  and	  can	  be	  elicited	  by	  a	  deviant	  stimulus	   that	   is	  not	   task-­‐relevant.	   It	   is	  generally	  
accepted	   that	   the	  P3a	   is	  associated	  with	  novelty-­‐detection	  and	  attention	  switching.	   Lesion	  studies	  
have	   indicated	   that	   frontal	   lobe	   integrity	   is	   essential	   in	   the	   generation	   of	   the	   P3a	   (Knight	   1984,	  
Knight	  et	  al.	  1995).	  The	  P3b	   is	  most	  prominent	  over	  centroparietal	  regions	  of	  the	  scalp	  and	  occurs	  
when	   the	   subject	   is	   attending	   and	   responding	   to	   the	   deviant	   stimuli.	   What	   the	   P3b	   exactly	  
represents	  is	  still	  a	  subject	  of	  debate.	  The	  P3b	  has	  been	  attributed	  to	  temporal/parietal	  lobe	  activity	  
that	   is	   involved	   in	  memory	   updating	   (e.g.	   Polich	   2007).	   Besides	   this	   context-­‐updating	   theory,	   P3b	  
generation	   has	   been	   suggested	   to	   represent	   event-­‐categorization	   (e.g.	   Kok	   2001)	   or	   closure	   of	  
perceptual	   processing	   (e.g.	   Donchin	  &	   Coles	   1988).	   Also	   the	   neurotransmitter	   systems	   underlying	  
the	   P300	   generation	   are	   still	   unclear.	   Polich	   (2007)	   advocated	   that	   the	   P3a	   is	   related	   to	   frontal	  
attention	   processes	   mediated	   by	   dopaminergic	   activity,	   whereas	   the	   P3b	   is	   related	   to	  
temporal/parietal	   memory	   processes	   mediated	   by	   norepinephrine	   activity.	   However,	   both	  
transmitters	  are	  widely	  distributed.	  It	  is	  therefore	  difficult	  to	  associate	  specific	  neurotransmitters	  to	  
specific	   electrophysiological	   events.	   In	   addition,	   it	   is	   unclear	  whether	   the	   transmitter	   activation	   is	  
the	  cause	  or	  the	  result	  of	  the	  electrophysiological	  event	  (Picton	  2011d).	  In	  summary,	  it	  can	  be	  stated	  
that	   the	  P300	  ERP	   is	  not	  a	  unitary	  phenomenon.	  Although	   it	   is	  known	  that	   the	  P300	  ERP	  contains	  
several	  components,	  the	  distinction	  between	  the	  P3a	  and	  P3b	  is	  not	  always	  clear.	  This	  has	  also	  led	  to	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inconsistent	  use	  of	   the	  P300	  nomenclature.	   In	   the	   literature,	   the	   terms	   ‘P300’,	   ‘P3’,	   and	   ‘P3b’	   are	  
often	  intermingled.	  The	  remainder	  of	  this	  dissertation	  will	  use	  the	  term	  ‘P300’	  to	  indicate	  the	  P3b.	  
The	  binaural	  interaction	  component	  
Binaural	   hearing	   has	   been	   investigated	   using	   AEPs.	   Since	   binaural	   interaction	   is	   initiated	   at	   the	  
brainstem	   level,	   the	   ABR	   is	   the	   first	   AEP	   at	   which	   binaural	   interaction	   is	   expected.	   Binaural	  
interaction	  has	   indeed	  been	  demonstrated	   in	  the	  ABR.	  Based	  on	  the	   law	  of	   linear	  superposition	  of	  
electrical	  fields,	  the	  sum	  of	  the	  monaural	  responses	  (L+R)	  can	  be	  used	  as	  a	  model	  for	  the	  absence	  of	  
binaural	  interaction.	  Hence,	  any	  deviation	  of	  the	  binaural	  response	  from	  this	  model	  is	  considered	  to	  
be	  evidence	  for	  binaural	  interaction	  at	  the	  brainstem	  level	  (Dobie	  &	  Berlin	  1979,	  Jewett	  1970).	  
The	   binaurally	   evoked	  ABR	  of	   normal	   hearing	   young	   adults	   differs	   from	   the	   sum	  of	   the	  monaural	  
responses.	  Traditionally,	  a	  binaural	   interaction	  component	   (BIC)	   is	  derived	  from	  the	  ABR	  (ABR-­‐BIC)	  
by	  subtracting	  the	  sum	  of	  the	  monaural	  responses	  from	  the	  binaural	  response	  [B-­‐(L+R)]	  (Dobie	  and	  
Berlin,	   1979,	   Dobie	   and	   Norton,	   1980).	   Noteworthy	   is	   that	   some	   researchers	   apply	   the	   inverse	  
formula	  [(L+R)-­‐B]	  (e.g.	  Wrege	  &	  Starr	  1981).	  The	  latter	  formula	  was	  used	  to	  derive	  the	  click-­‐evoked	  
ABR-­‐BIC	  shown	  in	  Figure	  10.	  	  
	  
Figure	  10:	  The	  binaural	  interaction	  component	  derived	  from	  the	  click-­‐evoked	  ABR.	  	  
Figure	   10	   shows	   a	   typical	   click-­‐evoked	   ABR-­‐BIC	   in	   a	   normal	   hearing	   young	   adult.	   No	   binaural	  
interactions	   are	   observed	   at	   the	   level	   of	   waves	   I	   to	   III.	   This	   is	   expected	   since	   waves	   I	   to	   III	   are	  
thought	  to	  arise	  from	  the	  auditory	  nerve	  to	  the	  cochlear	  nucleus	  (Møller	  1985).	  At	  these	  early	  levels,	  
binaural	   interaction	   does	   not	   occur.	   The	   earliest	   level	   at	   which	   binaural	   interaction	   occurs	   is	   the	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superior	  olive	  complex	  (see	  Figure	  4).	  Hence,	  BICs	  are	  expected	  no	  earlier	  than	  at	  the	  level	  of	  wave	  
IV.	  Since	  the	  ABR	  wave	  IV	  is	  often	  absent,	  the	  first	  BIC	  is	  typically	  observed	  at	  the	  level	  of	  wave	  V.	  
Figure	  10	  shows	  that	   the	  click-­‐evoked	  ABR-­‐BIC	   is	  characterized	  by	  a	  positive	  peak	  occurring	  at	   the	  
downslope	  of	  wave	  V.	  According	  to	  Jiang’s	  nomenclature,	  this	  peak	  is	   labeled	  DV	  (Jiang	  1996).	  The	  
analysis	   of	   the	   ABR-­‐BIC	   is	   most	   commonly	   based	   on	   DV.	   However,	   some	   studies	   have	   described	  
peaks	  at	  the	  level	  of	  waves	  VI	  and	  VII	  (Dobie	  &	  Norton	  1980,	  Fowler	  &	  Leonards	  1985,	  Ito	  et	  al.	  1988,	  
Jiang	   1996,	  Wrege	  &	   Starr	   1981).	   Although	   the	   click	   ABR-­‐BIC	   is	  well-­‐documented,	   variable	   results	  
have	   been	   reported.	   The	   observed	  morphology,	   latencies,	   and	   amplitudes	   differ	   amongst	   studies	  
and	  comparison	  between	  studies	  is	  often	  confounded	  by	  methodological	  differences.	  	  
Binaural	  interaction	  components	  have	  also	  been	  derived	  from	  the	  subsequent	  AEPs.	  Generally,	  BICs	  
increase	  at	  the	  level	  of	  the	  MLR	  and	  LLR	  relative	  to	  the	  ABR.	  Binaural	  interaction	  in	  the	  ABR	  accounts	  
for	  14	  to	  23%	  of	  the	  summed	  monaural	  response,	  whereas	  binaural	  interaction	  at	  the	  MLR	  and	  LLR	  is	  
40	  to	  50%	  of	  the	  summed	  monaural	  response	  (Debruyne	  1984,	  Henkin	  et	  al.	  2015,	  McPherson	  and	  
Starr	  1993).	  Recently,	  Henkin	  et	  al.	  (2015)	  derived	  a	  BIC	  from	  the	  cognitive	  P300	  response.	  A	  further	  
increase	   in	  binaural	   interaction	  was	  observed	  with	   the	  P300-­‐BIC	  being	  about	  55%	  of	   the	   summed	  
monaural	  response.	  Figure	  11	  shows	  binaural	  interaction	  components	  at	  the	  level	  of	  the	  P300.	  	  
	  
Figure	  11:	  The	  binaural	  interaction	  component	  derived	  from	  the	  P300.	  	  
There	   is	   a	   renewed	   interest	   in	   the	   BIC	   due	   to	   the	   growing	   amount	   of	   CI-­‐users	  who	  might	   benefit	  
from	   binaural	   hearing.	   ABR-­‐BICs	   have	   been	   successfully	   recorded	   in	   bilateral	   CI-­‐users,	   suggesting	  
that	  brainstem	  binaural	  interaction	  takes	  place	  in	  bilateral	  CI-­‐users	  (Pelizzone	  et	  al.	  1990).	  ABR-­‐BICs	  
have	  also	  been	  used	   to	   investigate	   the	   critical	  period	   for	  binaural	   interaction	   in	   children	   receiving	  
bilateral	  CIs	  (Gordon	  et	  al.	  2007a,	  2007b,	  2008).	  For	  instance,	  Gordon	  et	  al.	  (2007a)	  compared	  ABR-­‐
BICs	   in	   children	   who	   underwent	   simultaneous	   bilateral	   implantation,	   sequential	   bilateral	  
implantation	  with	  short	   inter-­‐implant	  delays,	  and	  sequential	  bilateral	   implantation	  with	   long	   inter-­‐
implant	   delays.	   Interestingly,	   ABR-­‐BICs	   were	   present	   in	   six	   out	   of	   seven	   (86%)	   children	   who	  
underwent	   simultaneous	   bilateral	   implantation,	   eight	   out	   of	   ten	   (80%)	   children	   with	   short	   inter-­‐
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implant	   delays,	   and	   nine	   out	   of	   12	   (75%)	   children	   with	   long	   inter-­‐implant	   delays.	   Besides	   these	  
studies	   on	   brainstem	   binaural	   interaction,	   there	   is	   also	   literature	   on	   cortical	   binaural	   interaction.	  
Henkin	  et	  al.	  (2011)	  recorded	  P300-­‐BICs	  in	  five	  bilaterally	  implanted	  children.	  In	  only	  two	  out	  of	  five	  
children,	  P300-­‐BICs	  were	  present.	  These	  two	  children	  were	  deaf	  due	  to	  meningitis,	  were	  exposed	  to	  
auditory	  stimulation	  before	  implantation,	  and	  were	  implanted	  simultaneously.	  In	  contrast,	  the	  three	  
children	   who	   did	   not	   exhibit	   P300-­‐BICs	   were	   pre-­‐lingually	   deaf,	   were	   implanted	   with	   long	   inter-­‐
implant	  delays,	  and	  did	  not	  wear	  a	  contralateral	  hearing	  during	  the	  period	  of	  unilateral	  implant	  use.	  
Despite	   the	   small	   sample	   size,	   the	   findings	  of	  both	  Gordon	  et	  al.	   (2007a)	  and	  Henkin	  et	  al.	   (2011)	  
support	   the	   existence	   of	   a	   sensitive	   period	   –	   and	   thus	   brain	   plasticity	   –	   for	   binaural	   interaction	  
during	  early	  development.	  	  
It	  can	  be	  inferred	  that	  the	  BIC	  has	  provided	  fundamental	  insight	  into	  binaural	  processing	  in	  bilateral	  
CI-­‐users.	  In	  contrast,	  literature	  on	  the	  BIC	  in	  bimodal	  listeners	  is	  scarce.	  To	  our	  knowledge,	  ABR-­‐BICs	  
have	  only	  been	  recorded	  in	  unilaterally	  implanted	  animals	  (Noh	  et	  al.	  2007)	  and	  humans	  (Battmer	  et	  
al.	   2011)	   with	   normal	   hearing	   in	   the	   non-­‐implanted	   ear.	   These	   studies	   suggest	   that	   the	   BIC	  may	  
provide	   further	   insight	   into	  binaural	  processing	  of	  bimodal	  stimulation.	  As	  stated	   in	  Chapter	  1.3,	  a	  
better	  understanding	  of	  these	  processes	  may	  improve	  the	  counseling	  and	  outcome	  in	  these	  patients	  
(Dunn	  et	  al.	  2005,	  van	  Hoesel	  2012).	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1.5	  	   Research	  aims	  and	  outline	  of	  the	  thesis	  
A	   growing	   amount	   of	   cochlear	   implant	   (CI)	   recipients	   have	   contralateral	   residual	   hearing.	   These	  
patients	  are	  standardly	  recommended	  to	  wear	  a	  hearing	  aid	   in	  the	  non-­‐implanted	  ear	  (Ching	  et	  al.	  
2004).	  The	  combination	  of	  electrical	   stimulation	   in	  one	  ear	  and	  acoustical	   stimulation	   in	   the	  other	  
ear	   is	   called	  bimodal	  hearing.	  Although	  bimodal	  hearing	  generally	   improves	  CI-­‐performance,	   some	  
individuals	   do	   not	   benefit	   from	   this	   combination.	   This	   unexplained	   outcome	   variability	   impedes	  
clinicians	  to	  provide	  evidence-­‐based	  counseling	  regarding	  post-­‐operative	  hearing	  aid	  use.	  	  
The	  objective	  of	  this	  dissertation	  is	  twofold.	  The	  first	  goal	  is	  to	  gain	  insight	  into	  the	  central	  auditory	  
processing	   of	   electrical	   and	   acoustical	   signals	   in	   bimodal	   listeners.	   A	   better	   understanding	   of	   the	  
cortical	   and	   subcortical	   mechanisms	   underlying	   bimodal	   benefit	   may	   enable	   clinicians	   to	   provide	  
more	  adequate	  counseling.	  Moreover,	  it	  may	  contribute	  to	  future	  speech	  processing	  strategies	  and	  
fitting	  procedures.	   The	   second	  goal	   is	   to	  develop	  an	  electrophysiological	   test	   to	  objectively	  assess	  
individual	  bimodal	  benefit.	  From	  Chapter	  1,	  it	  follows	  that	  auditory	  evoked	  potentials	  can	  be	  applied	  
to	  achieve	  these	  research	  goals.	  	  
Chapter	  2	  of	  this	  dissertation	  focuses	  on	  the	  ABR,	  since	  the	  brainstem	  is	  the	  first	  level	  at	  which	  the	  
information	   from	  both	   ears	   is	   compared.	   To	   explore	   brainstem	  binaural	   processing,	   the	   following	  
studies	  are	  conducted:	  
-­‐ Chapter	  2.1	  focuses	  on	  ABR-­‐BICs	  in	  normal	  hearing	  young	  adults.	  Although	  this	  technique	  is	  
well-­‐established,	  the	  ABR-­‐BIC	  literature	  shows	  highly	  variable	  results.	  Chapter	  2.1	  therefore	  
describes	  the	  ABR-­‐BIC.	  In	  addition,	  it	  assesses	  the	  inter-­‐rater	  reliability	  of	  the	  ABR-­‐BIC.	  	  
-­‐ Chapter	   2.2	   investigates	  whether	  aging	  affects	   the	  ABR-­‐BIC.	  The	   rationale	   for	   this	   study	   is	  
that	  age	  may	  confound	  studies	  on	  binaural	  interaction	  in	  bimodal	  listeners.	  	  	  
-­‐ Chapter	   2.3	   reviews	   the	   literature	   on	   the	   ABR-­‐BIC	   in	   bimodal	   listeners.	   This	   chapter	  
additionally	  questions	  the	  interpretation	  of	  the	  ABR-­‐BIC	  in	  response	  to	  bimodal	  stimulation.	  	  
-­‐ Based	   on	   the	   arguments	   provided	   in	   Chapter	   2.3,	   Chapter	   2.4	   suggests	   an	   alternative	  
method	  to	  assess	  brainstem	  binaural	  interaction	  in	  bimodal	  listeners.	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Chapter	  3	  focuses	  on	  the	  cognitive	  P300	  auditory	  event-­‐related	  potential,	  since	  bimodal	  benefit	  may	  
also	  depend	  on	  higher	  levels	  of	  auditory	  processing.	  	  
-­‐ Chapter	  3.1	  studies	  P300	  ERPs	  in	  normal	  hearing	  young	  adults.	  This	  chapter	  aims	  to	  optimize	  
the	  P300	  recording	  paradigm,	  as	  well	  as	  to	  assess	  the	  utility	  of	  the	  P300-­‐BIC.	  	  
-­‐ Based	  on	  the	  findings	  of	  Chapter	  3.1,	  Chapter	  3.2	  explores	  the	  potential	  role	  of	  the	  P300	  ERP	  
as	  a	  technique	  to	  assess	  bimodal	  benefit.	  
Chapter	   4	   provides	   a	   discussion	   and	   future	   perspectives.	   This	   chapter	   also	   contains	   a	   general	  
conclusion.	   The	   final	   chapter	   of	   this	   dissertation,	   Chapter	   5,	   contains	   a	   Dutch	   and	   an	   English	  
summary.	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Objective	   Binaural	   interaction	   can	   be	   investigated	   using	   auditory	   evoked	   potentials.	   A	   binaural	  
interaction	   component	   can	   be	   derived	   from	   the	   auditory	   brainstem	   response	   (ABR-­‐BIC)	   and	   is	  
considered	  to	  be	  evidence	  for	  binaural	  interaction	  at	  the	  level	  of	  the	  brainstem.	  Although	  click	  ABR-­‐
BIC	  has	  been	   investigated	   thoroughly,	  data	  on	  500	  Hz	   tone-­‐burst	   (TB)	  ABR-­‐BICs	  are	   scarce.	   In	   this	  
study,	  characteristics	  of	  click	  and	  500	  Hz	  TB	  ABR-­‐BICs	  are	  described.	  Furthermore,	  reliability	  of	  both	  
click	  and	  500	  Hz	  TB	  ABR-­‐BIC	  are	  investigated.	  	  
Methods	  Eighteen	  normal	  hearing	  young	  adults	  (eight	  women,	  ten	  men)	  were	  included.	  ABRs	  were	  
recorded	   in	   response	   to	   clicks	  and	  500	  Hz	  TBs.	  ABR-­‐BICs	  were	  derived	  by	   subtracting	   the	  binaural	  
response	  from	  the	  sum	  of	  the	  monaural	  responses	  measured	  in	  opposite	  ears.	  	  
Results	  Good	   inter-­‐rater	   reliability	   is	   obtained	   for	   both	   click	   and	   500	   Hz	   TB	   ABR-­‐BICs.	   The	   most	  
reliable	  peak	  in	  click	  ABR-­‐BIC	  occurs	  at	  a	  mean	  latency	  of	  6.06	  ms	  (SD	  0.354	  ms).	  Reliable	  500	  Hz	  TB	  
ABR-­‐BICs	  are	  obtained	  with	  a	  mean	  latency	  of	  9.47	  ms	  (SD	  0.678	  ms).	  Amplitudes	  are	  larger	  for	  500	  
Hz	  TB	  than	  for	  click	  ABR-­‐BIC.	  	  
Conclusion	  The	  most	  reliable	  peak	  in	  click	  ABR-­‐BIC	  occurs	  at	  the	  downslope	  of	  wave	  V.	  The	  500	  Hz	  
TB	  ABR-­‐BIC	  is	  characterized	  by	  a	  broad	  positivity	  occurring	  at	  the	  level	  of	  wave	  V.	  	  
Significance	   The	   ABR-­‐BIC	  may	   be	   a	   useful	   technique	   to	   investigate	   binaural	   interaction	   in	   certain	  
populations.	  Examples	  are	  bilateral	  hearing	  aid	  users,	  bilateral	  cochlear	   implant	  users	  and	  bimodal	  
listeners.	  The	  latter	  refers	  to	  the	  combination	  of	  unilateral	  cochlear	   implantation	  and	  contralateral	  
residual	  hearing.	   The	  majority	  of	   these	  patients	  have	   residual	  hearing	   in	   the	   low	   frequencies.	   The	  
current	   study	   suggests	   that	   500	   Hz	   TB	   ABR-­‐BIC	   may	   be	   a	   suitable	   technique	   to	   assess	   binaural	  
interaction	  in	  this	  specific	  population	  of	  cochlear	  implant	  users.	  
Keywords:	   Binaural	   interaction	   component,	   binaural	   difference	  wave,	   normal,	   auditory	   brainstem	  
response,	  ABR	  
	   	  




• The	  binaural	  interaction	  component	  is	  derived	  from	  the	  auditory	  brainstem	  response	  (ABR-­‐BIC)	  
elicited	  by	  two	  different	  stimuli,	  i.e.	  clicks	  and	  500	  Hz	  tone-­‐bursts.	  
• The	  most	  reliable	  peaks	  in	  the	  click	  and	  500	  Hz	  tone-­‐burst	  ABR-­‐BIC	  occur	  at	  a	  mean	  latency	  of	  
respectively	  6.06	  ms	  and	  9.47	  ms.	  	  
• The	  ABR-­‐BIC	  cannot	  be	  used	  for	  individual	  diagnosis	  since	  it	  is	  absent	  in	  an	  important	  portion	  of	  
normal	  hearing	  subjects.	  




Binaural	  hearing	  refers	  to	  the	  ability	  of	  the	  auditory	  system	  to	  integrate	  sounds	  reaching	  both	  ears.	  
It	  enables	  sound	  localization	  and	  improves	  speech	  perception	  in	  more	  adverse	  listening	  conditions.	  
Binaural	   hearing	   has	   been	   investigated	  using	   psychoacoustic	  methods,	   as	  well	   as	   auditory	   evoked	  
potentials.	  A	  binaural	  interaction	  component	  can	  be	  derived	  from	  the	  auditory	  brainstem	  response	  
(ABR-­‐BIC)	   by	   subtracting	   the	   response	   to	   binaural	   stimulation	   (B)	   from	   the	   sum	   of	   the	  monaural	  
responses	  (L+R)	  (Wrege	  &	  Starr	  1981).	  In	  mathematical	  terms:	  
ABR-­‐BIC	  =	  (L+R)	  –	  B	  
Noteworthy	   is	   that	  some	  authors	  apply	   the	   inverse	   formula:	   [ABR-­‐BIC	  =	  B	  –	   (L+R)]	   (Dobie	  &	  Berlin	  
1979,	  Dobie	  &	  Norton	  1980).	  These	  two	  derivation	  methods	  produce	  ABR-­‐BICs	  that	  are	  opposite	  in	  
polarity.	  	  
The	  presence	  of	  an	  ABR-­‐BIC	  is	  considered	  to	  be	  evidence	  for	  binaural	  interaction	  at	  the	  level	  of	  the	  
auditory	  brainstem.	  The	  concept	  is	  based	  on	  the	  law	  of	  linear	  superposition	  of	  electric	  fields.	  If	  the	  
binaural	  response	  represented	  activity	  from	  two	  non-­‐interacting	  pathways,	  the	  sum	  of	  the	  right	  and	  
the	   left	   monaural	   responses	   would	   equal	   the	   binaural	   response.	   However,	   in	   normal	   hearing	  
subjects,	   the	  ABR	  elicited	  by	  binaural	   stimulation	  differs	   from	  the	   sum	  of	   the	  monaural	   responses	  
and	  consequently	  a	  difference	  wave	  is	  obtained	  (Dobie	  &	  Berlin	  1979).	  
There	   is	   a	   renewed	   interest	   in	   the	   ABR-­‐BIC	   due	   to	   the	   growing	   amount	   of	   cochlear	   implant	   (CI)	  
patients	  who	  might	  benefit	   from	  binaural	   cues.	  Bilateral	   input	   in	  CI-­‐recipients	   can	  be	  provided	  by	  
either	   (1)	   bilateral	   implantation	   or	   (2)	   bimodal	   stimulation.	   ABR-­‐BICs	   have	   been	   successfully	  
recorded	  in	  bilateral	  CI-­‐users	  (Gordon	  et	  al.	  2007,	  2008,	  2012,	  He	  et	  al.	  2010,	  Pelizzone	  et	  al.	  1990).	  
Moreover,	  ABR-­‐BICs	  have	  been	  used	  to	  assess	  binaural	  integration	  of	  acoustic	  and	  electric	  signals	  in	  
bimodal	  listeners.	  The	  latter	  refers	  to	  the	  condition	  in	  which	  residual	  hearing	  is	  present	  in	  the	  non-­‐
implanted	  ear.	  Noh	  et	  al.	  (2007)	  recorded	  ABR-­‐BICs	  in	  unilaterally	  implanted	  guinea	  pigs	  with	  normal	  
hearing	  in	  the	  non-­‐implanted	  ear.	  More	  recently,	  Battmer	  et	  al.	  (2011)	  succeeded	  in	  recording	  ABR-­‐
BICs	   in	  unilaterally	   implanted	  single-­‐sided	  deaf	  adults.	   In	  both	  the	  studies	  by	  Noh	  et	  al.	   (2007)	  and	  
Battmer	   et	   al.	   (2011)	   electrical	   stimulation	   was	   applied	   in	   the	   implanted	   ear,	   whereas	   the	   non-­‐
implanted	   ear	   was	   stimulated	   using	   clicks.	   The	   results	   from	   these	   studies	   suggest	   that	   binaural	  
integration	  of	  electric	  and	  acoustic	  signals	  can	  occur	  at	  the	  level	  of	  the	  auditory	  brainstem.	  	  
In	   contrast	   to	   the	   subjects	   tested	  by	  Battmer	  et	   al.	   (2011),	   the	  majority	  of	  bimodal	   listeners	  have	  
mainly	  residual	  hearing	  in	  the	  low	  frequencies.	  Therefore,	  clicks	  are	  insufficient	  to	  record	  ABR-­‐BICs	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in	  this	  group	  of	  patients.	  Provided	  there	  is	  sufficient	  residual	  hearing	  in	  the	  non-­‐implanted	  ear,	  500	  
Hz	   tone-­‐bursts	   (TBs)	  may	  be	  more	   feasible.	   Frequency-­‐specific	  ABR,	   including	  500	  Hz	   TB	  ABR,	   has	  
been	  shown	  reliable	  (Gorga	  et	  al.	  1988).	  Note	  that	  morphology	  of	  click-­‐evoked	  ABR	  differs	  from	  that	  
of	   500	   Hz	   TB	   ABR.	   Responses	   to	   moderate-­‐to-­‐high	   intensity	   clicks	   show	   clearly	   defined	   vertex-­‐
positive	  peaks	  of	  which	   I,	   III	   and	  V	  are	   the	  most	  prominent.	   This	   is	   in	   contrast	   to	  500	  Hz	  TB	  ABR,	  
which	  primarily	  consists	  of	  wave	  V	  followed	  by	  a	   large	  negativity.	  This	  wave	  V	  is	  usually	  broad	  and	  
has	  longer	  latencies	  than	  its	  click-­‐evoked	  equivalent.	  	  
The	  differences	  between	  the	  click	  and	  500	  Hz	  TB	  ABR	  are	  mainly	  explained	  by	  differences	  in	  neural	  
synchronization.	   Clicks	   are	   broadband	   stimuli	   and	   thus	   excite	   a	   wide	   range	   of	   the	   cochlea.	  
Nevertheless,	   click-­‐evoked	   ABR	   is	   dominated	   by	   basal	   or	   high-­‐frequency	   activity.	   As	   the	   traveling	  
wave	  moves	  towards	  the	  apex,	  the	  velocity	  of	  the	  traveling	  wave	  front	  decreases.	  This	  results	  in	  less	  
neural	   synchronization	   in	   apical	   parts	   of	   the	   cochlea.	   Furthermore,	   the	   onset	   of	   500	   Hz	   TB	   is	  
shallower	   than	   the	   extremely	   abrupt	   onset	   of	   clicks.	   Both	   the	   disparate	   neural	   activity	   in	   low-­‐
frequency	  regions	  of	  the	  cochlea	  and	  the	  longer	  rise	  time	  of	  low-­‐frequency	  tone-­‐bursts	  contribute	  to	  
the	  poorer	  morphology	  observed	  in	  the	  500	  Hz	  TB	  ABR.	  The	  longer	  wave	  V	  latency	  in	  the	  500	  Hz	  TB	  
ABR	  is	  mainly	  attributed	  to	  the	  longer	  travel	  time	  to	  reach	  the	  apical	  cochlear	  region.	  	  
Literature	  on	  500	  Hz	  TB	  ABR-­‐BIC	   is	  very	   limited.	  Although	  the	  effects	  of	  stimulus	  frequency	  on	  the	  
ABR-­‐BIC	  have	  been	  investigated,	  500	  Hz	  TBs	  have	  hardly	  been	  used	  (DeVries	  &	  Decker	  1988,	  Fowler	  
&	  Leonards	  1985,	  Ito	  et	  al.	  1988,	  Wilson	  et	  al.	  1985).	  To	  our	  knowledge,	  only	  Fowler	  and	  Horn	  (2012)	  
described	  500	  Hz	  TB	  ABR-­‐BICs	  in	  adults.	  Although	  the	  characteristics	  of	  the	  500	  Hz	  TB	  ABR-­‐BIC	  were	  
described,	  the	  reliability	  of	  the	  response	  was	  not	  investigated	  (Fowler	  &	  Horn	  2012).	  In	  the	  present	  
study,	  characteristics	  and	  reliability	  of	  both	  click	  ABR-­‐BIC	  and	  500	  Hz	  TB	  ABR-­‐BIC	  are	  investigated.	  
Methods	  
Subjects	  
Eighteen	  young	  adults	  (eight	  women,	  ten	  men)	  aged	  18	  -­‐	  30	  years	  (mean	  23.9,	  standard	  deviation	  SD	  
3.42)	   volunteered	   in	   this	   study.	   None	   had	   a	   history	   of	   neurologic	   disorders.	   All	   participants	  were	  
screened	   for	  normal	  hearing	   (i.e.	   ≤	  20	  dB	  HL	  at	   the	  octave	   frequencies	   from	  250	   to	  8000	  Hz)	   and	  
normal	  middle	  ear	  function	  (i.e.	  no	  history	  of	  chronic	  ear	  disease,	  normal	  otoscopy	  and	  normal	  226	  
Hz	   tympanometry).	   Interaural	   threshold	   asymmetries	   did	   not	   exceed	   10	   dB	  HL	   at	  more	   than	   two	  
frequencies	   for	   the	  octave	   frequencies	  between	  250	  Hz	  and	  4000	  Hz.	  Testing	  was	  carried	  out	   in	  a	  
double-­‐walled	  sound-­‐proof	  room	  using	  a	  PC-­‐based	  audiometer	  (Equinox	  2.0,	  Interacoustics,	  Assens,	  
Denmark)	  with	  TDH39	  earphones	  calibrated	  according	  to	  the	  6189	  ISO	  standards.	  Subjects	  signed	  an	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informed	  consent	  before	  being	  enrolled	  in	  the	  study,	  which	  was	  approved	  by	  the	  institutional	  review	  
board	  at	  the	  Ghent	  University	  Hospital.	  
Procedure	  
ABRs	   were	   recorded	   using	   the	   commercially	   available	   Neurosoft	   Neuro-­‐MEP	   system	   version	   3	  
(Ivanovo,	  Russia).	  Ag/AgCl	  surface	  electrodes	  were	  used.	  The	  positive	  electrode	  was	  placed	  on	  the	  
upper	  forehead	  (Fpz)	  and	  the	  negative	  electrode	  was	  placed	  at	  the	  midline	  in	  the	  nape	  of	  the	  neck	  
(cervical	  7).	  An	  electrode	  placed	  on	  the	  nasion	  served	  as	  ground.	   Impedances	  were	   less	   than	  5	  kΩ	  
and	  inter-­‐electrode	  impedances	  did	  not	  exceed	  3	  kΩ.	  Acoustic	  stimuli	  were	  delivered	  through	  TIP300	  
tubal	  insert	  phones.	  Two	  different	  acoustic	  stimuli	  were	  presented:	  (1)	  0.1	  ms	  alternating	  clicks	  and	  
(2)	  500	  Hz	  alternating,	  Blackman-­‐gated	  tone-­‐bursts	   (TBs)	  with	  2.5	  cycles	  rise	  time,	  no	  plateau,	  and	  
2.5	  cycles	  fall	  time.	  Alternating	  polarity	  was	  used	  to	  reduce	  the	  stimulus	  artifact.	  Both	  stimuli	  were	  
presented	  at	  65	  dB	  nHL.	  Potential	  contribution	  of	  acoustic	  cross-­‐over	  and	  the	  stapedial	  reflex	  –	  two	  
potential	   artefacts	   according	   to	   Levine	   (1981)	   	   –	  were	   avoided	  by	   using	  moderate	   intensity	   levels	  
and	  insert	  phones.	  A	  repetition	  rate	  of	  15.1	  Hz	  was	  used.	  For	  clicks,	  responses	  were	  averaged	  over	  a	  
20	  ms	   interval	   (5	  ms	   prestimulus	   and	   15	  ms	   poststimulus).	   Responses	   to	   500	   Hz	   TB	   stimuli	   were	  
averaged	   over	   a	   30	   ms	   interval	   (5	   ms	   prestimulus	   and	   25	   ms	   poststimulus).	   Recordings	   were	  
sampled	  with	  a	  sampling	  frequency	  of	  40	  kHz.	  All	  recordings	  were	  filtered	  online	  with	  a	  30	  to	  3000	  
Hz	  band-­‐pass	  filter.	  Artifact	  rejection	  level	  was	  set	  at	  40	  µV.	  
Before	  starting	  the	  test,	  all	  subjects	  were	  instructed	  to	  relax	  as	  much	  as	  possible.	  During	  the	  exam	  
subjects	  were	   lying	   supine	  on	  a	  bed	  placed	   in	  a	  darkened	   room.	  The	   recordings	   could	  either	   start	  
with	   click	   ABR	   or	   500	  Hz	   TB	  ABR.	   This	  was	   chosen	   randomly.	   ABRs	  were	   recorded	   in	   response	   to	  
three	  stimulus	  conditions:	  right,	  left,	  and	  binaural	  stimulation.	  For	  each	  condition	  at	  least	  three	  runs	  
of	   2000	   sweeps	  were	   obtained.	   Hence,	   an	   average	  waveform	   of	   at	   least	   6000	   presentations	  was	  
obtained	  for	  each	  stimulus	  condition.	  	  
Analysis	  of	  recordings	  
A	  derived	  waveform	  was	  obtained	  by	  subtracting	  the	  binaural	  ABR	  from	  the	  sum	  of	  both	  monaural	  
ABRs.	   The	   subtraction	   paradigm,	   i.e.	   (L+R)	   –	   B,	   was	   performed	   online	   using	   the	   clinical	   software.	  
Peaks	   in	   the	  ABR-­‐BIC	  were	  defined	   as	   scalp-­‐positive	   and	   reproducible	   deflections	  occurring	   in	   the	  
downslope	   or	   the	   negative	   deflection	   following	   waves	   V,	   VI	   and/or	   VII	   of	   the	   ABR.	   Using	   a	  
nomenclature	   introduced	  by	   Jiang	   (1996),	   these	   peaks	   are	   labeled	  DV,	  DVI,	   and	  DVII,	   respectively	  
(Jiang	  1996).	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Two	  independent	  observers	  judged	  whether	  the	  derived	  waveforms	  contained	  ABR-­‐BIC	  peaks.	  Peaks	  
were	  considered	  present	   if	  the	  results	  of	  both	  observers	  corresponded	   in	  presence	  and	   latency.	   In	  
the	   case	   of	   an	   inter-­‐observer	   disagreement,	   an	   objective	   criterion	   was	   applied.	   First,	   ABR-­‐BIC	  
recordings	  were	  digitally	  filtered	  using	  a	  Butterworth	  filter.	  Click	  ABR-­‐BICs	  were	  filtered	  with	  a	  100	  to	  
1200	   Hz	   bandpass	   filter,	   500	   Hz	   TB	   ABR-­‐BICs	   with	   a	   30	   to	   1000	   Hz	   bandpass	   filter.	   Second,	   the	  
variance	  of	  a	  3.5	  to	  1.5	  ms	  prestimulus	  interval	  was	  calculated.	  The	  variance	  ratio	  of	  a	  well-­‐defined	  
poststimulus	  period	  was	  then	  divided	  by	  the	  variance	  of	  the	  noise	  in	  the	  prestimulus	  interval	  (Arnold	  
1985).	  Based	  on	  empirical	  data,	   the	  poststimulus	  period	   for	  DV,	  DVI	  and	  DVII	   in	  click	  ABR-­‐BIC	  was	  
respectively	   5.50	   -­‐	   7.00	  ms,	   7.50	   -­‐	   9.00	  ms,	   and	  9.50	   -­‐	   11.00	  ms.	   For	   the	  500	  Hz	   TB	  peak	  DV,	   the	  
poststimulus	   period	   comprised	   a	   7.50	   -­‐	   11.50	  ms	   interval.	  Whenever	   the	   variance	   ratio	   exceeded	  
1.4,	  a	  significant	  peak	  was	  found.	  This	  criterion	  was	  determined	  by	  means	  of	  the	  F-­‐distribution.	  With	  
a	  sampling	  frequency	  of	  40	  kHz,	  the	  2	  ms	  prestimulus	  interval	  consisted	  of	  80	  sample	  points.	  For	  the	  
click-­‐evoked	  ABR-­‐BIC	  peaks,	  each	  poststimulus	   interval	  comprised	  1.5	  ms	  and	  thus	  consisted	  of	  60	  
sample	  points.	  The	  F(59,79)	  statistic	  equals	  1.49	  for	  a	  significance	  level	  of	  0.05.	  The	  same	  rationale	  
was	  used	  for	  500	  Hz	  TB:	  F(159,79)	  =	  1.36	  for	  p<0.05.	  Therefore,	  an	  overall	  criterion	  of	  1.4	  was	  used	  
to	   determine	   statistically	   significant	   peaks	   in	   the	   ABR-­‐BIC.	   MATLAB	   version	   8.0	   (The	  Mathworks,	  
Nantucket)	  was	  used	  for	  signal	  processing.	  
Peak	  latency	  and	  peak-­‐to-­‐peak	  amplitude	  of	  ABR	  waves	  V,	  VI	  and	  VII	  and	  the	  related	  ABR-­‐BIC	  peaks	  
are	  described.	  In	  the	  case	  of	  inter-­‐observer	  agreement,	  the	  mean	  latency	  of	  both	  observations	  was	  
used.	   When	   the	   objective	   criterion	   was	   applied	   and	   a	   significant	   peak	   was	   found,	   the	   latency	  
difference	  between	   the	  ABR-­‐BIC	  peak	  and	   its	   related	  ABR	  wave	  was	   calculated	   for	  each	  observer.	  
The	   latency	   with	   the	   smallest	   latency	   difference	   was	   used	   for	   further	   analysis.	   Amplitudes	   were	  
measured	  from	  the	  most	  positive	  point	  to	  the	  trough	  following	  it.	  	  
Statistical	  analysis	  
Latencies	  and	  amplitudes	  of	  waves	  V,	  VI,	  and	  VII	  of	  the	  binaural	  response	  were	  compared	  to	  those	  of	  
the	  L+R	  response.	  Two-­‐sided	  paired-­‐sample	  t-­‐tests	  were	  performed	  for	  this	  analysis,	  except	  for	  the	  
wave	   VII	   amplitude.	   The	   latter	   showed	   a	   serious	   departure	   from	   normality	   and	   therefore	   a	   two-­‐
sided	  Wilcoxon	  matched-­‐paired	  signed-­‐ranks	  test	  was	  performed.	  	  
Furthermore,	  the	   inter-­‐observer	  agreement	  for	  the	  absence	  or	  presence	  of	  the	  ABR-­‐BIC	  peaks	  was	  
investigated.	   As	   each	   peak	   was	   judged	   by	   both	   observers,	   the	   data	   were	   not	   statistically	  
independent	   and	   hence	   the	   conventional	   Chi-­‐Square	   test	   cannot	   be	   performed.	   Instead,	   a	   two-­‐
sample	   test	   for	   binomial	   proportions	   for	   paired	   data	   (McNemar	   test)	   was	   used.	   The	   degree	   of	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agreement	  is	  expressed	  by	  a	  κ-­‐value.	  To	  interpret	  this	  value,	  the	  criteria	  of	  Fleiss	  (2003)	  were	  used.	  
Excellent	   agreement	   was	   obtained	   when	   κ-­‐values	   were	   between	   1	   and	   0.75.	   Good	   to	   moderate	  
agreement	  was	  found	  for	  values	  between	  0.75	  and	  0.40.	  κ-­‐values	  less	  than	  0.40	  were	  categorized	  as	  




Table	  1	  lists	  the	  characteristics	  of	  all	  relevant	  ABR	  waves	  and	  their	  related	  ABR-­‐BIC	  peaks.	  There	  was	  
a	  significant	  difference	  in	  wave	  V	  latency	  for	  the	  L+R	  response	  and	  the	  binaural	  response	  (two-­‐sided	  
paired	  t-­‐test,	  t(17)=5.09,	  p<0.001),	  with	  the	  binaural	  responses	  having	  shorter	  latencies	  (mean	  5.53	  
ms,	   SD	   0.212)	   than	   the	   L+R	   responses	   (mean	   5.61	   ms,	   SD	   0.203).	   Wave	   VII	   amplitudes	   were	  
significantly	  (two-­‐sided	  signed-­‐rank	  test,	  p=0.005)	  smaller	   in	  the	  binaural	  condition	  (mean	  0.29	  µV,	  
SD	  0.167)	  compared	  to	  the	  L+R	  condition	  (mean	  0.38	  µV,	  SD	  0.135).	  	  
Figure	  1	   shows	  an	  ABR-­‐BIC	  of	   a	   subject.	   The	  most	  prominent	  peak,	  DV,	   is	   typically	  preceded	  by	   a	  
negative	  deflection.	  Both	  observers	  indicated	  DVI,	  whereas	  DVII	  was	  considered	  absent.	  Noteworthy	  
is	  the	  observation	  of	  a	  reproducible,	  positive	  peak	  prior	  to	  DV.	  Peaks	  occurring	  within	  a	  time-­‐window	  
between	  waves	  III	  and	  IV	  of	  the	  ABR,	  were	  found	  in	  nine	  subjects.	  	  
	  
Figure	  1:	  Click	  ABR-­‐BIC	  in	  a	  normal	  hearing	  adult.	  L	  is	  the	  ABR	  to	  left	  stimulation,	  R	  
is	  the	  ABR	  to	  right	  stimulation	  and	  B	  is	  the	  ABR	  to	  binaural	  stimulation.	  




Table	  1: Characteristics	  of	  ABR	  and	  ABR-­‐BIC	  in	  response	  to	  clicks.	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The	   prevalence	   of	   DV,	   DVI,	   and	   DVII	   was	   assessed.	   The	   observers	   indicated	   DV	   in	   all	   derived	  
waveforms.	  As	  shown	  in	  Figure	  2a,	  good	  inter-­‐observer	  agreement	  for	  DV	  latencies	  was	  achieved	  in	  
all	  but	  one	  subject.	  The	  objective	  test	  was	  performed,	  but	  did	  not	  result	  in	  a	  significant	  peak.	  It	  can	  
be	  concluded	  that	  DV	  was	  present	  in	  17	  of	  18	  subjects.	  	  
Figure	  2b	  illustrates	  that	  in	  nine	  traces	  DVI	  was	  indicated	  with	  similar	  latencies.	  In	  three	  waveforms	  
DVI	  was	  considered	  absent.	  No	  significant	  difference	  between	   the	  observers’	   judgment	  was	   found	  
(McNemar,	  p=0.219).	  However,	  a	  weak	   inter-­‐observer	  agreement	  was	  obtained	  (κ=0.29).	  From	  the	  
objective	   analysis	   on	   the	   six	   traces	  with	   contradictory	   results,	   one	   significant	   peak	  was	   identified.	  
Thus,	  DVI	  was	  present	  in	  ten	  of	  18	  traces.	  	  
The	  observers	  considered	  DVII	  absent	  in	  nine	  traces,	  whereas	  six	  waveforms	  contained	  DVII.	  For	  one	  
of	   these	  peaks	  an	   important	   latency	  difference	  of	  2.34	  ms	  was	  present	   (Figure	  2c).	   This	  peak	  was	  
excluded	  when	  performing	  the	  McNemar	  test.	  The	  analysis	  showed	  no	  significant	  difference	  and	  a	  
good	   inter-­‐observer	   agreement	   was	   found	   (McNemar,	   p=1.00;	   κ=0.63).	   Three	   out	   of	   four	   traces	  
subjected	   to	   the	  objective	   test	  did	  not	  contain	  significant	  DVIIs.	  Overall,	  DVII	  was	  present	   in	  six	  of	  
the	  18	  derived	  waveforms.	  	  
	  
Figure	  2: Inter-­‐observer	   latency	  difference	  in	  ms	  for	  (a)	  DV,	  (b)	  DVI,	  and	  (c)	  DVII	   in	  response	  to	  clicks.	   Inter-­‐observer	  
latency	  difference	  in	  ms	  for	  DV	  in	  response	  to	  500	  Hz	  TB	  (d).	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500	  Hz	  TB	  ABR-­‐BIC	  	  
The	  characteristics	  of	  the	  500	  Hz	  TB	  wave	  V	  and	  peak	  DV	  are	  summarized	  in	  Table	  2.	  Latencies	  were	  
borderline	   not	   statistically	   different	   (t(17)=2.08,	   p=0.053)	   between	   the	   binaural	   condition	   (mean	  
8.62	  ms	  SD	  0.540)	  and	  the	  L+R	  condition	  (mean	  8.67	  ms	  SD	  0.562).	  A	  significant	  effect	  of	  stimulus	  
condition	  was	  found	  for	  wave	  V	  amplitudes	  (t(17)=9.63,	  p<0.001),	  with	  larger	  amplitudes	  in	  the	  L+R	  
response	  (mean	  1.53	  SD	  0.370)	  compared	  to	  the	  binaural	  response	  (mean	  1.19	  SD	  0.270).	  	  
Table	  2:	  Characteristics	  of	  ABR	  and	  ABR-­‐BIC	  in	  response	  to	  500	  Hz	  tone-­‐bursts.	  
	  
Figure	  3	  illustrates	  a	  500	  Hz	  TB	  ABR-­‐BIC.	  Note	  that	  its	  morphology	  differs	  from	  that	  of	  the	  click	  ABR-­‐
BIC	  in	  several	  ways.	  First,	  no	  peaks	  other	  than	  DV	  can	  be	  demonstrated	  as	  the	  500	  Hz	  TB	  ABR	  only	  
contains	  a	  wave	  V.	  Second,	  DV	  is	  broader	  for	  500	  Hz	  TBs	  than	  for	  clicks.	  Third,	  500	  Hz	  TB	  DV	  is	  often	  
rather	  a	  slope	  than	  a	  well-­‐defined	  positive	  peak.	  Finally,	  it	  often	  occurs	  at	  the	  level	  of	  wave	  V	  rather	  
than	  at	  its	  downslope.	  	  
	  
Figure	  3:	  500	  Hz	  TB	  ABR-­‐BIC	  in	  a	  normal	  hearing	  adult.	  L	  is	  the	  ABR	  to	  left	  stimulation,	  
R	  is	  the	  ABR	  to	  right	  stimulation	  and	  B	  is	  the	  ABR	  to	  binaural	  stimulation.	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Both	   observers	   considered	   DV	   present	   in	   15	   subjects	   and	   absent	   in	   one.	   Good	   inter-­‐observer	  
agreement	  was	  found	  (McNemar	  test;	  p=0.500;	  κ=0.46).	  As	  shown	  in	  Figure	  2d,	  observer	  II	  tended	  to	  
indicate	  DV	   slightly	   later	   than	  observer	   I.	   The	  maximum	   inter-­‐observer	   latency	  difference	  was	   0.4	  
ms,	  which	  is	  clinically	  irrelevant	  as	  500	  Hz	  TB	  DV	  is	  rather	  broad.	  For	  the	  two	  traces	  with	  uncertain	  
results,	  the	  objective	  test	  resulted	  in	  significant	  peaks.	  It	  can	  thus	  be	  concluded	  that	  500	  Hz	  TB	  DV	  
was	  present	  in	  17	  of	  18	  subjects.	  It	  should	  be	  noted	  that	  500	  Hz	  TB	  DV	  was	  absent	  in	  another	  subject	  
than	  the	  one	  with	  absent	  click	  DV.	  
Discussion	  	  
Click	  ABR-­‐BIC	  
In	  the	  present	  study,	  the	  characteristics	  of	  the	  click	  ABR-­‐BIC	  are	  described.	  Although	  the	  click	  ABR-­‐
BIC	   is	   well-­‐documented	   in	   the	   literature,	   comparison	   between	   studies	   is	   often	   difficult	   due	   to	  
methodological	  differences.	   In	  addition,	   the	  ABR-­‐BIC	  nomenclature	   is	  highly	  arbitrary.	   Jiang	   (1996)	  
attempted	   to	   standardize	   the	   ABR-­‐BIC	   nomenclature	   by	   labeling	   every	   peak	   in	   the	   ABR-­‐BIC	   by	   a	  
prefix	  ‘D’	  followed	  by	  the	  Roman	  numeral	  of	  the	  related	  ABR	  wave.	  For	  instance,	  the	  peak	  occurring	  
at	  the	  downslope	  of	  wave	  V	  is	  labeled	  ‘DV’	  (Jiang	  1996).	  This	  nomenclature	  is	  recommended	  by	  the	  
authors	  as	  it	  makes	  comparison	  of	  data	  more	  convenient.	  Comparing	  results	  is	  also	  hampered	  by	  the	  
large	  inter-­‐subject	  variability	  of	  the	  ABR-­‐BIC	  morphology.	  Numerous	  peaks	  have	  been	  described,	  but	  
these	  are	  not	  consistently	  present	  in	  all	  normal	  hearing	  adults.	  	  
It	   can	   be	   stated	   that	   DV	   is	   the	   most	   consistent	   and	   most	   reliable	   peak	   in	   the	   ABR-­‐BIC.	   DV	   was	  
present	  in	  17	  out	  of	  18	  participating	  subjects	  and	  this	  is	  consistent	  with	  the	  literature	  (Brantberg	  et	  
al.	   1999,	   Dobie	   &	   Norton	   1980,	   Levine	   &	   Davis	   1991,	   Stollman	   et	   al.	   1996).	   The	   excellent	   inter-­‐
observer	  agreement	  for	  DV	  confirms	  its	  reliability.	  In	  contrast,	  inter-­‐rater	  agreement	  was	  lowest	  for	  
DVI	  (κ=0.29).	  There	  are	  two	  explanations	  for	  the	  poorer	  inter-­‐observer	  agreement	  for	  DVI	  compared	  
to	  DV.	  First,	  wave	  VI	  in	  the	  ABR	  is	  more	  variable	  than	  the	  ABR	  wave	  V.	  It	  is	  not	  present	  in	  all	  normal	  
hearing	   subjects.	   Second,	   DVII	   can	   easily	   be	  mistaken	   for	   DVI.	   Using	   Jiang’s	   nomenclature,	   peaks	  
were	  named	  after	  the	  corresponding	  ABR	  wave.	  If	  a	  scalp-­‐positive	  peak	  directly	  following	  DV	  occurs	  
at	   the	   downslope	   of	   wave	   VII,	   the	   peak	   is	   labeled	   DVII.	   A	   peak	   following	   wave	   DV	   is,	   thus,	   not	  
necessarily	  DVI.	  The	  latter	  may	  also	  explain	  the	  rather	  low	  presence	  of	  DVI	  in	  the	  current	  sample	  (i.e.	  
ten	  out	  of	  18	  volunteers)	  compared	  to	  the	  literature	  (Dobie	  &	  Norton	  1980,	  Ito	  et	  al.	  1988).	   In	  the	  
literature,	  often	  only	  two	  ABR-­‐BIC	  peaks	  are	  described.	  Peaks	   indicated	  as	   ‘the	  second	  peak	   in	  the	  
ABR-­‐BIC’	  could	  have	  been	  DVI	  or	  DVII	  according	  to	  the	  nomenclature	  used	  in	  the	  present	  study.	  DVII	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shows	   good	   inter-­‐observer	   agreement	   (κ=0.63),	   but	  was	   only	   present	   in	   six	   participants.	   The	   low	  
prevalence	  is	  explained	  by	  the	  variability	  of	  wave	  VII	  in	  the	  normal	  ABR.	  	  
Worth	  noting	   is	   that	   significant	  differences	  between	   the	  binaural	  and	   the	  L+R	   response	  were	  only	  
found	   for	   waves	   V	   and	   VII.	   These	   waves	   correspond	   to	   the	   most	   reliable	   peaks	   in	   the	   ABR-­‐BIC,	  
respectively	   DV	   and	   DVII.	   The	   ABR	   wave	   V	   had	   significantly	   (two-­‐sided	   paired	   t-­‐test,	   t(17)=5.09,	  
p<0.001)	  shorter	  latencies	  in	  the	  binaural	  condition	  (mean	  5.53	  ms,	  SD	  0.212)	  compared	  to	  the	  L+R	  
condition	  (mean	  5.61	  ms,	  SD	  0.203).	  No	  significant	  wave	  V	  amplitude	  differences	  were	  found	  in	  the	  
present	  study.	  These	  findings	  are	  consistent	  with	  the	  results	  of	  several	  earlier	  studies	  (Brantberg	  et	  
al.	   1999,	   Levine	  1981).	  However,	   an	   earlier	   report	   documents	   smaller	   amplitudes	   for	   the	  binaural	  
condition	  compared	  to	  the	  L+R	  condition	  (McPherson	  &	  Starr	  1993).	  In	  a	  review	  by	  Fullerton	  (1987),	  
it	  was	  stated	  that	  the	  human	  DV	  –	  indicated	  as	  β	  in	  the	  original	  paper	  –	  mainly	  occurs	  because	  wave	  
V	  occurs	  earlier	   for	  binaural	  stimulation	  than	  for	  monaural	  stimulation.	   In	   the	  same	  review,	   it	  was	  
reported	   that	   the	   amplitude	   of	   wave	   V	   for	   binaural	   stimulation	   is	   93%	   of	   the	   amplitude	   of	   the	  
summed	  monaural	  waveform.	  These	  small	  differences	  in	  amplitude	  may	  not	  have	  been	  found	  in	  the	  
current	  study	  due	  to	  the	  stimulus	  polarity,	   the	  current	  sample	  size	  and/or	  electrode	  placement.	   In	  
contrast	   to	   wave	   V	   amplitudes,	   significantly	   smaller	   wave	   VII	   amplitudes	   were	   found	   for	   the	  
binaurally	  evoked	  ABR	  compared	   to	   its	  monaural	   aggregate	   (two-­‐sided	   signed-­‐rank	   test,	  p=0.005).	  
These	   findings	   suggest	   that	  binaural	   interaction	  as	  measured	  by	  wave	  V	  of	   the	  click	  ABR	   is	  mainly	  
caused	  by	  latency	  differences,	  whereas	  for	  wave	  VII	  this	  is	  mainly	  caused	  amplitude	  differences.	  	  
ABR-­‐BIC	  peak	  are	  characterized	  by	  their	  peak	  latencies	  and	  amplitudes.	  The	  peak	  latencies	  found	  in	  
this	   study	  correspond	   to	   the	   results	  known	   from	  the	   literature	   (Dobie	  &	  Norton	  1980,	   Jiang	  1996,	  
Wrege	  &	   Starr	   1981).	   Comparison	  of	   the	  peak	   amplitudes	   is	  more	  difficult	   due	   to	  methodological	  
differences	   between	   studies.	   Different	   stimulus	   intensities,	   number	   of	   sweeps,	   filter	   settings,	   and	  
methods	   to	  measure	   amplitude	   have	   been	   used	   throughout	   different	   studies.	  Moreover,	   ABR-­‐BIC	  
amplitudes	  are	  known	  to	  be	  highly	  variable	  between	  subjects.	  	  
In	  addition	  to	  the	  peaks	  DV,	  DVI	  and	  DVII,	  scalp-­‐positive	  peaks	  are	  observed	  between	  the	  ABR	  waves	  
III	   and	   IV.	   These	   early	   peaks	   have	   been	  described	   in	   the	   literature.	  Wilson	   et	   al.	   (1985)	   identified	  
‘short-­‐latency	  components’	  at	  high	  intensity	  levels	  and	  for	  stimulus	  rates	  of	  20	  Hz	  and	  more.	  It	  was	  
advocated	  that	   these	  peaks	  do	  not	   result	   from	  binaural	   interaction	  as	  wave	   III	  originates	   from	  the	  
ipsilateral	  cochlear	  nucleus.	  The	  occurrence	  of	   these	   ‘short	   latency	  components’	  was	  attributed	  to	  
the	  effect	  of	  the	  stapedial	  reflex.	  It	  was	  suggested	  that	  binaural	  stimulation	  is	  more	  likely	  to	  elicit	  a	  
reflex	   than	  monaural	   stimulation	   at	   the	   same	   intensity.	   If	   the	   stimulation	   rate	   is	   fast	   enough,	   the	  
reflex	   could	   persist	   to	   alter	   middle	   ear	   transmission.	   This	   can	   result	   in	   differences	   between	   the	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binaural	  ABR	  and	  the	  summed	  monaural	  waveform	  in	  the	  absence	  of	  binaural	  interaction	  (Wilson	  et	  
al.	  1985).	   In	  our	  opinion,	   it	   is	  very	  unlikely	   that	  the	  early	  peaks	  are	  caused	  by	  the	  stapedial	   reflex.	  
The	  argument	  by	  Wilson	  et	  al.	  (1985)	  does	  not	  take	  into	  account	  adaptation	  of	  the	  stapedial	  reflex.	  
Moreover,	  early	  peaks	  were	  observed	  in	  our	  sample	  while	  using	  moderate	  intensity	   levels	  and	   low	  
stimulation	  rates.	  A	  possible	  explanation	  for	  the	  early	  ABR-­‐BIC	  peaks	  is	  found	  in	  the	  anatomy	  of	  the	  
auditory	  brainstem.	  As	  projections	  from	  the	  cochlear	  nucleus	  to	  the	  medial	  nucleus	  of	  the	  trapezoid	  
body	   (MNTB)	  cross	   the	  midline,	   fibers	  synapsing	  on	  the	  MNTB	  could	  contribute	  to	   the	  early	  peaks	  
(Curio	  &	  Weigel	  1990).	  Furthermore,	   it	   is	  known	  that	  sources	  other	  than	  the	  cochlear	  nucleus	  also	  
contribute	   to	   wave	   III.	   The	   argument	   that	   wave	   III	   is	   generated	   solely	   by	   neurons	   located	   in	   the	  
cochlear	  nucleus	  is	  basically	  an	  oversimplification	  (MØller	  1985).	  
500	  Hz	  TB	  ABR-­‐BIC	  
The	   second	   goal	   of	   this	   study	  was	   to	   describe	   500	  Hz	   TB	  ABR-­‐BIC	   and	   to	   test	   its	   reliability.	   DV	   in	  
response	  to	  500	  Hz	  TB	  appears	  as	  a	  rather	  broad	  downslope	  occurring	  at	  the	   level	  of	  wave	  V.	  Our	  
findings	   suggest	   that	   this	   peak	   mainly	   results	   from	   amplitude	   differences	   between	   the	   binaural	  
response	  and	   the	  L+R	   response	   (t(17)=9.63,	  p<0.001).	  Amplitudes	   in	   the	   summed	   response	   (mean	  
1.53	  SD	  0.370)	  were	  larger	  than	  those	  in	  the	  binaural	  response	  (mean	  1.19	  SD	  0.270).	  Noteworthy	  is	  
the	  observation	  of	  a	  borderline	  non-­‐significant	  trend	  (t(17)=2.08,	  p=0.053)	  of	  longer	  latencies	  in	  the	  
L+R	  condition	  (mean	  8.67	  ms	  SD	  0.56)	  compared	  to	  the	  binaural	  condition	  (mean	  8.62	  ms	  SD	  0.54).	  	  
Fairly	  good	  inter-­‐observer	  agreement	  was	  found	  (κ=0.46)	  and	  DV	  was	  absent	  in	  only	  one	  volunteer.	  
However,	  some	  waveforms	  were	  rather	  noisy.	  In	  such	  traces,	  the	  authors	  would	  recommend	  to	  use	  
more	  than	  three	  replications	  of	  each	  2000	  sweeps.	  As	  expected,	  DV	  latencies	  were	  longer	  for	  500	  Hz	  
TB	   than	   for	   clicks.	  A	  mean	   latency	  of	  9.47	  ms	   (SD	  0.678)	  was	   found.	  This	   is	   longer	   than	   the	  mean	  
latency	  found	  in	  the	  study	  by	  Fowler	  and	  Horn	  (2012),	  i.e.	  8.08	  ms	  (SD	  0.32	  ms).	  Various	  factors	  may	  
have	  contributed	  to	  this	  difference.	  As	  previously	  mentioned,	  500	  Hz	  TB	  DV	  is	  a	  rather	  broad	  peak.	  
Latencies	   are	   therefore	  more	   variable	   for	   500	   Hz	   TB	   DV	   than	   for	   click	   DV.	   Other	   factors,	   such	   as	  
differences	  in	  band	  pass	  filtering,	  stimulus	  rise	  time,	  and	  stimulus	  intensity,	  may	  also	  have	  led	  to	  the	  
slightly	  different	  outcome.	  
A	   mean	   DV	   amplitude	   of	   0.44	   µV	   (SD	   0.167	   µV)	   is	   reported.	   DV	   amplitudes	   are	   thus	   larger	   in	  
response	   to	   500	   Hz	   TB	   than	   those	   in	   response	   to	   clicks.	   Although	   500	   Hz	   TB	   have	   hardly	   been	  
investigated,	   a	   trend	   of	   increasing	   amplitude	   with	   decreasing	   stimulus	   frequency	   has	   been	  
documented	   in	   the	   literature	   (DeVries	   &	   Decker	   1988,	   Fowler	   &	   Leonards	   1985,	   Ito	   et	   al.	   1988,	  
Wilson	  et	   al.	   1985).	   To	  our	   knowledge,	  only	   Fowler	   and	  Horn	   (2012)	  described	  500	  Hz	  ABR-­‐BIC	   in	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adults.	   The	   response	   to	   500	   Hz	   TB	   was	   compared	   with	   4	   kHz	   TB	   ABR-­‐BIC	   and	   also	   in	   this	   study	  
amplitudes	  were	  largest	  for	  the	  lowest	  frequency.	  This	  is	  remarkable	  since	  ABRs	  in	  response	  to	  low-­‐
frequency	   tone-­‐bursts	  are	   less	   clear	   than	  high-­‐frequency	  or	   click-­‐evoked	  ABRs.	  The	   reason	   for	   the	  
larger	  amplitudes	  in	  500	  Hz	  TB	  ABR-­‐BIC	  compared	  to	  its	  click-­‐evoked	  equivalent	  is	  still	  unclear.	  Ito	  et	  
al.	   (1988)	  attributed	  this	  to	  auditory	  nuclei	  being	   involved	   in	  the	  binaural	  processing	  of	   low	  versus	  
high	  frequencies,	   respectively	  the	  medial	  superior	  olive	   (MSO)	  and	  the	   lateral	  superior	  olive	   (LSO).	  
According	  to	  Caird	  and	  Klinke	  (1983),	  the	  LSO	  mainly	  encodes	  transient	   interaural	  time	  differences	  
(ITD)	   and	   interaural	   level	   differences	   (ILD).	   Cells	   in	   the	  MSO,	   on	   the	   other	   hand,	   are	   particularly	  
sensitive	   to	   continuous	   ITDs.	   Since	   clicks	   are	   transient	   stimuli	   containing	   mainly	   high-­‐frequency	  
energy,	   the	   processing	   of	   these	   stimuli	  would	   take	   place	   in	   the	   LSO.	   500	  Hz	   TB	  might	   elicit	  more	  
phase-­‐locking	   to	   the	   fine-­‐structure	   of	   the	   stimulus	   and	   consequently	   the	   MSO	   might	   be	   more	  
involved.	  Larger	  DV	  amplitudes	  for	  500	  Hz	  TB	  suggests	  that	  more	  neural	  resources	  are	  involved	  than	  
when	  binaural	  interaction	  is	  investigated	  using	  clicks.	  In	  a	  recent	  study	  by	  Kulesza	  (2007)	  the	  number	  
of	   neurons	   in	   human	   MSO	   and	   LSO	   were	   estimated.	   It	   was	   found	   that	   the	   MSO	   contains	  
approximately	   15.500	   neurons	   and	   the	   LSO	   about	   5.600	   neurons.	   It	   is	   thus	   possible	   that	   more	  
neurons	  are	  involved	  in	  the	  binaural	  processing	  of	  500	  Hz	  TB	  compared	  to	  clicks.	  Worth	  mentioning	  
is	   that	  most	   research	   on	  MSO	   and	   LSO	   is	   based	   on	   animal	  models.	   Possible	   differences	   between	  
species	  can	  be	  present	  and	  further	  research	  is	  needed	  to	  support	  this	  hypothesis.	  
Clinical	  relevance	  and	  future	  directions	  
As	  stated	  earlier,	  ABR-­‐BICs	  were	  present	  in	  17	  out	  of	  18	  normal	  hearing	  subjects.	  This	  was	  found	  for	  
click	   as	  well	   as	   500	  Hz	   TB	  ABR-­‐BICs.	  ABR-­‐BICs	   are	   absent	   in	   a	   portion	  of	   normal	   hearing	   subjects.	  
Furthermore,	   the	   low	   signal-­‐to-­‐noise	   ratio	   (SNR)	   of	   some	   of	   the	   responses	   makes	   interpretation	  
challenging.	   Therefore,	   ABR-­‐BIC	   cannot	   be	   used	   for	   individual	   diagnosis.	   Another	   disadvantage	   of	  
the	  technique	  is	  the	  rather	  long	  test	  time.	  Due	  to	  the	  low	  SNR,	  it	  requires	  a	  lot	  of	  averages	  to	  obtain	  
the	  ABR-­‐BIC.	  	  
Although	  the	  clinical	  use	  of	  the	  ABR-­‐BIC	  is	  questionable,	   it	   is	  a	  very	  useful	  technique	  to	  investigate	  
clinically	  relevant	  question	  on	  binaural	  interaction	  in	  certain	  populations.	  A	  better	  understanding	  of	  
binaural	   processing	   in	   different	   populations	   will	   enable	   clinicians	   to	   provide	   more	   insightful	  
counseling.	  For	  instance,	  ABR-­‐BICs	  have	  been	  shown	  to	  be	  present	  in	  bilateral	  CI-­‐users	  and	  this	  has	  
been	  an	  argument	  for	  bilateral	  implantation.	  A	  critical	  period	  for	  binaural	  interaction	  in	  children	  with	  
bilateral	   CI	   has	   been	   suspected.	   To	   promote	   the	   development	   of	   binaural	   hearing,	   recent	   studies	  
show	  that	  the	  inter-­‐implant	  delay	  should	  not	  exceed	  two	  years	  (Gordon	  2007).	  Furthermore,	  it	  has	  
been	   suggested	   to	   use	   this	   technique	   to	   match	   interaural	   electrodes	   in	   bilateral	   CI-­‐users.	   In	   the	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literature,	  the	  ABR-­‐BIC	  has	  been	  used	  to	  investigate	  binaural	  interaction	  in	  at	  least	  two	  populations	  
other	   than	   CI-­‐users.	   First,	   maturation	   of	   the	   binaural	   system	   has	   been	   investigated	   using	   this	  
technique	   (Cone-­‐Wesson	   et	   al.	   1997).	   Second,	   it	   has	   been	   used	   to	   investigate	   central	   auditory	  
processing	  disorders	  (Delb	  et	  al.	  2003,	  Gopal	  &	  Pierel	  1999).	  	  
A	   new	   region	   of	   interest	   is	   binaural	   interaction	   in	   bimodal	   CI-­‐users.	   New	   developments	   in	   CI-­‐
technology	  and	  its	  surgery	  have	  extended	  CI-­‐candidacy	  to	  include	  patient	  with	  some	  low-­‐frequency	  
residual	   hearing	   in	   the	   ipsi-­‐	   and/or	   contralateral	   ear.	   Psychoacoustic	   evidence	   shows	   that	   at	   least	  
some	  of	  these	  patients	  benefit	  from	  binaural	  cues.	  There	  is	  however	  a	  great	  inter-­‐subject	  variability	  
in	  the	  outcome	  and	  the	  mechanisms	  underlying	  this	  variability	  are	  still	  unclear.	  The	  ABR-­‐BIC	  might	  
provide	  more	  insight	  in	  binaural	  interaction	  in	  this	  growing	  population	  of	  CI-­‐users.	  	  
Conclusions	  
DV	   is	   the	  most	   reliable	   peak	   in	   click	   ABR-­‐BIC	   and	   occurs	   at	   a	   latency	   of	   6.06	  ms	   (SD	   0.654	  ms).	  
Reliable	   500	   Hz	   TB	   ABR-­‐BICs	   are	   recorded	   with	   mean	   DV	   latency	   of	   9.47	   ms	   (SD	   0.678	   ms).	   DV	  
amplitudes	  for	  500	  Hz	  TB	  are	  on	  average	  larger	  than	  DV	  amplitudes	  for	  clicks.	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Objectives	   Age-­‐related	  hearing	   loss	  hampers	   the	   ability	   to	  understand	   speech	   in	   adverse	   listening	  
conditions.	   This	   is	   attributed	   to	   a	   complex	   interaction	   of	   changes	   in	   the	   peripheral	   and	   central	  
auditory	   system.	   One	   aspect	   that	  may	   deteriorate	   across	   the	   lifespan	   is	   binaural	   interaction.	   The	  
present	   study	   investigates	   binaural	   interaction	   at	   the	   level	   of	   the	   auditory	   brainstem.	   It	   is	  
hypothesized	  that	  brainstem	  binaural	  interaction	  deteriorates	  with	  advancing	  age.	  	  
Design	   Forty-­‐two	   subjects	   of	   various	   age	   participated	   in	   the	   study.	   Auditory	   brainstem	   responses	  
(ABRs)	  were	   recorded	   using	   clicks	   and	   500	   Hz	   tone-­‐bursts.	   ABRs	  were	   elicited	   by	  monaural	   right,	  
monaural	   left,	   and	   binaural	   stimulation.	   Binaural	   interaction	   was	   investigated	   in	   two	   ways.	   First,	  
grand	  averages	  of	  the	  binaural	  interaction	  component	  were	  computed	  for	  each	  age	  group.	  Second,	  
wave	  V	   characteristics	  of	   the	  binaural	  ABR	  were	   compared	   to	   those	  of	   the	   summed	   left	   and	   right	  
ABRs.	  	  
Results	   Binaural	   interaction	   in	   the	   click	   ABR	   was	   demonstrated	   by	   shorter	   latencies	   and	   smaller	  
amplitudes	  in	  the	  binaural	  compared	  to	  the	  summed	  monaural	  responses.	  For	  the	  500	  Hz	  tone-­‐burst	  
ABR,	   no	   latency	   differences	   were	   found.	   However,	   amplitudes	   were	   significantly	   smaller	   in	   the	  
binaural	  than	  summed	  monaural	  condition.	  An	  age-­‐effect	  was	  found	  for	  the	  500	  Hz	  tone-­‐burst,	  but	  
not	  for	  the	  click	  ABR.	  	  
Conclusions	  Brainstem	  binaural	   interaction	  seems	  to	  decline	  with	  age.	   Interestingly,	   these	  changes	  
seem	  to	  be	  stimulus-­‐dependent.	  
Keywords:	   ABR,	   Age-­‐related	   changes,	   Aging,	   Auditory	   brainstem	   response,	   Binaural	   interaction,	  
Binaural	  hearing,	  Binaural	  processing  




One	   in	   three	  persons	  over	   the	  age	  of	  65	  years	  are	  affected	  by	  disabling	  hearing	   loss	   (WHO	  2015).	  
The	   impact	   of	   age-­‐related	   hearing	   loss	   is	   often	   underrated.	   Older	   adults	   typically	   experience	  
difficulties	  understanding	  speech	  in	  adverse	  listening	  conditions.	  These	  hearing	  problems	  can	  in	  part	  
be	   attributed	   to	   age-­‐related	   changes	   in	   the	   peripheral	   sensory	   organ.	   However,	   performance	   on	  
complex	  auditory	  tasks	  is	  often	  poorer	  than	  expected	  based	  on	  the	  age-­‐related	  changes	  in	  audibility.	  
This	   suggests	   that	  declines	   in	  auditory	  processing	  and	  cognitive	   function	  additionally	  contribute	   to	  
age-­‐related	  hearing	  loss	  (review	  Tun	  et	  al.	  2012).	  	  
One	   aspect	   of	   auditory	   processing	   is	   binaural	   processing.	   Binaural	   processing	   improves	   speech	  
perception	  in	  noise	  and	  horizontal	  sound	  localization	  (Dillon	  2001).	  When	  a	  sound	  source	  is	  placed	  at	  
various	  positions	  in	  the	  horizontal	  plane,	  specific	  interaural	  differences	  in	  arrival	  time	  and	  loudness	  
level	  occur.	  The	  resulting	  interaural	  time	  differences	  (ITDs)	  and	  interaural	  level	  differences	  (ILDs)	  are	  
frequency-­‐dependent.	   ITDs	   are	  most	   prominent	   in	   low-­‐frequency	   sounds,	  whereas	   ILDs	   are	  more	  
pronounced	   in	   high-­‐frequency	   sounds	   (Dillon	   2001).	   These	   ITDs	   and	   ILDs	   are	   processed	   by	   the	  
auditory	   system	   starting	   at	   the	   level	   of	   the	   superior	   olivary	   complex	   (SOC)	   in	   the	   brainstem.	  
Although	   binaural	   processing	   at	   this	   level	   is	   highly	   complex,	   it	   is	   generally	   assumed	   that	   low-­‐
frequency	  ITDs	  and	  high-­‐frequency	  ILDs	  are	  processed	  in	  the	  medial	  superior	  olive	  (MSO)	  and	  lateral	  
superior	  olive	  (LSO),	  respectively	  (Yin	  &	  Chan	  1988).	  	  
Binaural	   processing	   in	   the	   human	   brainstem	   can	   be	   demonstrated	   using	   auditory	   brainstem	  
responses	  (ABRs)	  elicited	  by	  monaural	  right	  (R),	  monaural	  left	  (L),	  and	  binaural	  (B)	  stimulation.	  Based	  
on	  the	  law	  of	  linear	  superposition	  of	  electrical	  fields,	  the	  sum	  of	  the	  monaural	  responses	  (L+R)	  can	  
be	   used	   as	   a	  model	   for	   the	   absence	   of	   binaural	   interaction.	   Hence,	   any	   deviation	   of	   the	   binaural	  
response	  from	  this	  model	  is	  considered	  to	  be	  evidence	  for	  binaural	  interaction	  at	  the	  brainstem	  level	  
(Dobie	  &	  Berlin	  1979).	  
The	   binaurally	   evoked	  ABR	  of	   normal	   hearing	   young	   adults	   differs	   from	   the	   sum	  of	   the	  monaural	  
responses.	   Traditionally,	   a	   binaural	   interaction	   component	   is	   derived	   from	   the	   ABR	   (ARB-­‐BIC)	   by	  
subtracting	  the	  sum	  of	  the	  monaural	  responses	  from	  the	  binaural	  response	  [B-­‐(L+R)]	  (Dobie	  &	  Berlin	  
1979,	  Dobie	  &	  Norton	  1980).	  However,	   some	  researchers	  apply	   the	   inverse	   formula	   [(L+R)-­‐B]	   (e.g.	  
Wrege	   &	   Starr	   1981).	   The	   latter	   formula	   was	   used	   to	   derive	   the	   click-­‐evoked	   ABR-­‐BIC	   shown	   in	  
Figure	   1.	   This	   ABR-­‐BIC	   is	   characterized	   by	   a	   positive	   peak	   occurring	   at	   the	   downslope	   of	  wave	   V.	  
According	  to	  Jiang’s	  nomenclature,	  this	  peak	  is	  labeled	  DV	  (Jiang	  1996).	  	  




Figure	  1:	  The	  ABR-­‐BIC	  of	  a	  normal	  hearing	  young	  adult	  elicited	  by	  clicks.	  
Although	   ABR-­‐BICs	   have	   been	   widely	   used	   to	   assess	   binaural	   interaction,	   the	   effects	   of	   age	   on	  
binaural	   interaction	   in	   the	   ABR	   are	   still	   unclear.	   Kelly-­‐Ballweber	   and	  Dobie	   (1984)	   compared	   click	  
ABR-­‐BICs	   of	   audiometrically-­‐matched	   young	   and	   older	   adults,	   but	   did	   not	   find	   a	   substantial	   age-­‐
effect.	  ABR-­‐BICs	  were	  questionable	  or	  absent	   in	  a	  substantial	  part	  of	  both	  young	  and	  older	  adults.	  
This	  finding	  was	  attributed	  to	  the	  low	  signal-­‐to-­‐noise	  ratio	  of	  some	  ABR-­‐BICs.	  ABR-­‐BICs	  typically	  have	  
small	   amplitudes	   and	   the	   subtraction	   paradigm	   is	   known	   to	   add	   noise	   to	   the	   derived	   waveform	  
(Picton	  2011).	  
The	   present	   study	   aims	   to	   investigate	   age-­‐related	   changes	   in	   brainstem	   binaural	   interaction.	   This	  
study	  differs	  from	  that	  of	  Kelly-­‐Ballweber	  and	  Dobie	  (1984)	  in	  several	  ways.	  First,	  the	  present	  study	  
includes	   subjects	  with	   age-­‐appropriate	   hearing.	   Although	   this	  makes	   it	   difficult	   to	   parse	   out	   pure	  
age-­‐effects,	   it	   does	   reflect	   how	   brainstem	   binaural	   interaction	   changes	   in	   a	   typically	   aging	  
population.	  Second,	  the	  present	  study	  uses	  two	  different	  types	  of	  stimuli.	  Clicks	  are	  used	  to	  compare	  
our	   results	   with	   those	   of	   Kelly-­‐Ballweber	   and	   Dobie	   (1984).	   Although	   clicks	   are	   acoustically	  
broadband	   stimuli,	   they	  mainly	   stimulate	   the	   high-­‐frequency	   cochlear	   regions.	   To	   assess	   binaural	  
interaction	   at	   lower	   frequencies,	   500	   Hz	   tone-­‐bursts	   (TBs)	   are	   used.	   A	   binaural	   interaction	  
component	  can	  be	  derived	  from	  the	  500	  Hz	  TB	  ABR	  (Fowler	  &	  Horn	  2012,	  Van	  Yper	  et	  al.	  2015).	  An	  
example	  is	  shown	  in	  Figure	  2.	  As	  the	  binaural	  processing	  of	  low-­‐	  versus	  high-­‐frequency	  stimuli	  takes	  
place	   at	   different	   anatomical	   pathways,	   age	  may	   have	   different	   effects	   on	   binaural	   interaction	   in	  
click	   versus	   500	  Hz	   TB	   ABR.	   Third,	   the	   present	   study	   assesses	   binaural	   interaction	   at	   group	   level.	  
Grand	   average	   ABR-­‐BICs	   are	   computed	   for	   several	   age	   groups.	   These	   grand	   averages	   have	   better	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signal-­‐to-­‐noise	   ratios	   than	   the	   individual	   ABR-­‐BICs.	   Another	   approach	   to	   address	   issues	   with	   low	  
signal-­‐to-­‐noise	   ratios	   is	   by	   analyzing	   the	   ABR	   characteristics.	   The	   present	   study	   compares	   the	  
characteristics	   of	   binaural	   and	   summed	   monaural	   ABRs.	   Since	   the	   differences	   between	   these	  
responses	   indicate	   binaural	   interaction,	   an	   age-­‐related	   reduction	   of	   these	   differences	   suggests	   a	  
senescent	  decline	  in	  binaural	  interaction.	  	  
	  
	  
Figure	  2:	  The	  ABR-­‐BIC	  of	  a	  normal	  hearing	  young	  adult	  elicited	  by	  500	  Hz	  tone-­‐bursts.	  
Methods	  and	  materials	  
Participants	  
Data	  were	  collected	  from	  42	  volunteers	  divided	   into	  three	  age	  groups:	  a	  young	  group	  between	  18	  
and	   30	   years	   (n=14),	   a	   middle-­‐aged	   group	   between	   31	   and	   59	   years	   (n=14),	   and	   an	   older	   group	  
between	  60	  and	  75	  years	  (n=14).	  None	  of	  the	  participants	  reported	  a	  history	  of	  neurologic	  or	  middle	  
ear	   disease.	   Furthermore,	   all	   subjects	   had	   a	   normal	   otoscopic	   examination,	   normal	   226	   Hz	  
tympanometry,	  and	  pure-­‐tone	  audiometry	  did	  not	   reveal	  a	  conductive	  hearing	   loss.	  Pure-­‐tone	  air-­‐
conduction	   thresholds	   at	   the	   octave	   frequencies	   between	   0.25	   and	   8	   kHz	   did	   not	   exceed	   those	  
corresponding	   to	   the	   95th	   percentile	   for	   their	   sex	   and	   age	   according	   to	   the	   7029	   ISO	   standards.	  
Furthermore,	   only	   subjects	  with	   symmetrical	   hearing	  were	   included.	   The	   latter	  was	  defined	   as	   an	  
interaural	   pure-­‐tone	   threshold	   asymmetry	   of	   maximally	   10	   dB	   HL	   and	   this	   at	   no	   more	   than	   two	  
frequencies	   for	   the	   octave	   frequencies	   between	   250	   and	   4000	   Hz.	   Pure-­‐tone	   audiograms	   were	  
obtained	  using	  the	  modified	  Hughson-­‐Westlake	  procedure.	  Pure-­‐tone	  audiometry	  was	  performed	  in	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a	   double-­‐walled	   soundproof	   booth	   using	   a	   PC-­‐based	   audiometer	   (Equinox	   2.0,	   Interacoustics,	  
Assens,	   Denmark).	   Air-­‐conduction	   thresholds	   were	   measured	   using	   TDH39	   headphones,	   bone-­‐
condition	  thresholds	  with	  a	  B71	  bone-­‐conductor.	  The	  study	  was	  approved	  by	  the	  Ethics	  Committee	  
of	   the	  Ghent	  University	  Hospital.	  All	  subjects	  signed	  an	   informed	  consent	  before	  being	   included	   in	  
the	  study.	  
ABR	  recordings	  
Ag/AgCl	  cup	  electrodes	  were	  placed	  on	  the	  subjects’	  forehead	  at	  Fpz	  (non-­‐inverting	  electrode),	  the	  
midline	   in	   the	   nape	   of	   the	   neck	   (inverting	   electrode)	   and	   the	   nasion	   (ground	   electrode).	   After	  
applying	  the	  electrodes,	  impedances	  were	  measured.	  Electrode	  and	  inter-­‐electrode	  impedances	  did	  
not	  exceed	  5	  kΩ	  and	  3	  kΩ,	  respectively.	  Subsequently,	  subjects	  were	  instructed	  to	  relax	  while	  lying	  
supine	  on	  a	  bed	  in	  a	  darkened	  room.	  	  
ABR	  testing	  was	  performed	  using	  the	  Neurosoft	  Neuro-­‐MEP	  system	  version	  3	   (Neurosoft,	   Ivanovo,	  
Russia).	   The	   following	   stimuli	   were	   presented:	   (1)	   alternating	   100	   µs	   clicks	   and	   (2)	   alternating	  
Blackman-­‐gated	  500	  Hz	  tone-­‐bursts	  (TBs)	  with	  5	  ms	  rise/fall	  time	  and	  no	  plateau.	  Both	  stimuli	  were	  
presented	  at	  a	   rate	  of	  15.1	  Hz.	  The	   test	  could	  either	  start	  with	  click	  or	  500	  Hz	  TB	  ABR,	  which	  was	  
chosen	  randomly.	  Stimuli	  were	  delivered	  through	  TIP300	  insert	  phones	  at	  an	  intensity	  of	  65	  dB	  nHL.	  
The	  manufacturer	  calibrated	  the	  acoustic	  stimuli	  according	  to	  the	  international	  standards	  of	  ISO	  389	  
and	   IEC	   60645.	   The	   calibration	   was	   performed	   with	   a	   Brüel	   and	   Kjaer	   4153	   and	   a	   GRAS	   40	   AG	  
microphone.	  dB	  nHL	   coefficients	   are	   the	  RETSPLs	   taken	   from	   the	   international	   standards	   ISO	  389.	  
Insert	   phones	   and	   moderate	   intensity	   levels	   were	   used	   to	   minimize	   the	   effects	   of	   two	   potential	  
artifacts,	   i.e.	   acoustic	   cross-­‐over	   and	   stapedial	   reflexes	   (Levine	   1981).	   ABRs	   were	   recorded	   in	  
response	   to	   left,	   right	   and	   binaural	   stimulation.	   For	   each	   of	   these	   stimulation	   sites	   at	   least	   three	  
recordings	  each	  containing	  2000	  stimulus	  presentations	  were	  obtained.	  	  
ABR	  recordings	  were	  sampled	  with	  a	  frequency	  of	  40	  kHz.	  The	  recording	  window	  was	  20	  ms	  for	  click	  
and	  30	  ms	   for	  500	  Hz	  TB	  ABR.	  These	   recording	  windows	   included	  a	  5	  ms	  pre-­‐stimulus	   interval.	  All	  
recordings	  were	  filtered	  online	  with	  a	  30	  to	  3000	  Hz	  band-­‐pass	  filter.	  Artifact	  rejection	  level	  was	  set	  
to	  40	  µV.	  
Analysis	  of	  recordings	  
Binaural	   interaction	   was	   investigated	   in	   two	   ways.	   First,	   grand	   averages	   of	   the	   ABR-­‐BICs	   were	  
assessed.	   The	   ABR-­‐BIC	   was	   computed	   by	   subtracting	   the	   binaural	   response	   from	   the	   sum	   of	   the	  
monaural	  responses.	  The	  grand	  averages	  were	  obtained	  by	  averaging	  the	  responses	  of	  all	  subjects	  
CHAPTER	  2	  -­‐	  AUDITORY	  BRAINSTEM	  RESPONSES	  
	  
65	  
within	   each	   age	   group.	   This	   analysis	   was	   performed	   using	  MATLAB	   version	   8.4	   (The	  Mathworks,	  
Nantucket).	  Second,	  binaural	   interaction	  was	   investigated	  by	  comparing	   the	  binaural	  and	  summed	  
monaural	   ABRs.	   Using	   the	   Neurosoft	   NeuroMEP	   version	   3	   clinical	   software	   (Neurosoft,	   Ivanovo,	  
Russia),	  the	  recordings	  obtained	  within	  each	  participant	  were	  averaged	  for	  each	  stimulus	  site	  (right,	  
left,	   and	   binaural	   stimulation).	   Hence,	   responses	   of	   at	   least	   6000	   stimulus	   presentations	   were	  
obtained.	  These	  averaged	  waveforms	  were	  used	  to	  determine	  the	  wave	  characteristics,	  i.e.	  latencies	  
and	  amplitudes.	  Latencies	  were	  measured	  from	  the	  stimulus	  onset	  to	  the	  highest	  point	  of	  the	  wave.	  
Peak-­‐to-­‐peak	   amplitudes	  were	  measured	   from	   the	  most	   positive	   point	   of	   the	   peak	   to	   the	   trough	  
following	  it.	  Furthermore,	  wave	  V	  amplitude	  ratios	  were	  calculated	  by	  dividing	  wave	  V	  amplitude	  in	  
the	  binaural	  condition	  by	  wave	  V	  amplitude	  in	  the	  summed	  monaural	  condition	  [B/(L+R)].	  	  
Statistical	  analyses	  	  
IBM	   SPSS	   statistics	   software	   version	   21	   (SPSS	   Inc.,	   Chicago,	   USA)	   was	   used.	   The	   assumptions	   of	  
normality,	   equal	   variances,	   and	   sphericity	   were	   checked	   if	   necessary.	   After	   checking	   these	  
assumptions,	   three	   main	   analyses	   were	   performed.	   First,	   left-­‐right	   symmetry	   of	   the	   wave	   V	  
characteristics	  were	  assessed	  by	  paired	  samples	  t-­‐tests	  for	  parametric	  data	  and	  Wilcoxon	  matched-­‐
pairs	   signed-­‐rank	   tests	   for	   non-­‐parametric	   data.	   Second,	   the	   effect	   of	   	   ‘condition’	   (i.e.	   summed	  
monaural	   or	   binaural	   condition)	   and	   ‘age’	   (i.e.	   young,	   middle-­‐aged,	   or	   older)	   on	   wave	   V	  
characteristics	  was	  investigated.	  A	  split-­‐plot	  ANOVA	  was	  performed	  with	  ‘condition’	  as	  a	  repeated-­‐
measures	   variable	   and	   ‘age’	   as	   a	   between-­‐subjects	   variable.	   Third,	   the	   effect	   of	   age	   on	   the	  
amplitude	  ratio	  was	  assessed	  using	  a	  one-­‐way	  ANOVA.	  In	  all	  of	  these	  analyses,	  P-­‐values	  smaller	  than	  
0.05	  were	  considered	  to	  be	  significant.	  	  
If	   significant	   group	   effects	   were	   found,	   pairwise	   comparison	   was	   performed.	   Three	   pairwise	  
contrasts	  were	   tested:	   (1)	   young	   versus	  older,	   (2)	   young	   versus	  middle-­‐aged,	   and	   (3)	  middle-­‐aged	  
versus	   older.	   Pairwise	   comparison	   was	   carried	   out	   using	   independent	   sample	   t-­‐tests	   with	   a	  
Bonferroni	   correction.	   The	   latter	   implies	   that	   each	   pairwise	   contrast	   was	   tested	   at	   a	   significance	  
level	  of	  0.017	  (i.e.	  the	   initial	  significance	   level	  divided	  by	  the	  total	  amount	  of	  pairwise	  contrasts	  or	  
0.05/3).	  
Results	  
Table	  1	  summarizes	  the	  participants’	  demographic	  information.	  Pure-­‐tone	  air-­‐conduction	  thresholds	  
are	  shown	  in	  Figure	  3.	  In	  all	  subjects,	  click	  ABR	  was	  performed	  and	  showed	  clear	  responses.	  The	  500	  
Hz	  TB	  ABR,	  on	  the	  other	  hand,	  could	  not	  be	  recorded	  in	  one	  middle-­‐aged	  and	  one	  older	  participant	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due	  to	  time	  constraints.	  Furthermore,	  one	  older	  subject	  did	  not	  show	  reproducible	  500	  Hz	  TB	  ABRs.	  
The	  characteristics	  of	  click	  and	  500	  Hz	  TB	  ABR	  are	  listed	  in	  Table	  2.	  
Table	  1:	  Participants’	  characteristics	  
	  
	  
Figure	  3:	  Pure-­‐tone	  audiograms	   in	  the	  (a)	  young,	   (b)	  middle-­‐aged,	  and	  (c)	  older	  age	  group.	  
The	   grey	   lines	   show	   the	   individual	   audiograms.	   The	   black	   lines	   show	   the	  mean	   pure-­‐tone	  
thresholds.	  	  











Table	  2:	  ABR	  characteristics	  
2
	  





Wave	   V	   characteristics	   were	   slightly	   asymmetrical	   in	   the	   youngest	   age	   group.	   The	   latencies	   in	  
response	   to	   right	   ear	   stimulation	   were	   on	   average	   0.08	   ms	   (SD	   0.089	  ms)	   shorter	   than	   those	   in	  
response	   to	   left	   ear	   stimulation.	   This	   difference	   was	   statistically	   significant	   (paired	   t-­‐test,	   t(13)=-­‐
3.375,	  p<0.01).	   Furthermore,	  a	   significant	  difference	  was	   found	  between	   right	  and	   left	  amplitudes	  
(paired	   t-­‐test,	   t(13)=4.075,	  p<0.01).	  On	   average,	   amplitudes	  were	   0.11	   µV	   (SD	   0.104	  µV)	   larger	   in	  
response	  to	  right	  than	  to	  left	  ear	  stimulation.	  	  
In	  contrast	  to	  the	  results	  observed	  in	  the	  youngest	  age	  group,	  no	  statistically	  significant	  differences	  
were	   found	   for	   wave	   V	   characteristics	   in	   the	  middle-­‐aged	   group.	   Latencies	   were	   not	   significantly	  
different	   between	   the	   left	   and	   right	   responses	   (paired	   t-­‐test,	   t(13)=0.466,	  p=0.649).	   Also	   left	   and	  
right	  amplitudes	  were	  not	  significantly	  different	  (paired	  t-­‐test,	  t(13)=-­‐0.019,	  p=0.985).	  
In	   the	   oldest	   age	   group,	   no	   statistically	   significant	   differences	  were	   found	   between	   right	   and	   left	  
latencies	   (paired	   t-­‐test,	   t(13)=0.334,	   p=0.743),	   nor	   between	   right	   and	   left	   amplitudes	   (Wilcoxon	  
matched-­‐pairs	  signed-­‐rank	  tests,	  p=0.975).	  
Binaural	  interaction	  
Figure	  4	  shows	  the	  grand	  averages	  of	  the	  click	  ABRs	  and	  ABR-­‐BICs	  per	  age	  group.	  Note	  that	  there	  is	  
no	   binaural	   interaction	   at	   the	   level	   of	  waves	   I	   and	   III.	   Furthermore,	   Figure	   4	   reveals	   that	  wave	   V	  
latencies	   are	   slightly	   shorter	   in	   the	   binaural	   compared	   to	   the	   summed	   monaural	   response.	  
Amplitudes	  appear	  to	  be	  smaller	  in	  B	  compared	  to	  L+R.	  
A	   split-­‐plot	   ANOVA	   indeed	   revealed	   a	   significant	   main	   effect	   of	   condition	   on	   wave	   V	   latencies	  
(F(1,39)	  =	  54.456,	  p<0.001).	  Figure	  5	  shows	  that	  the	  latencies	  are	  shorter	  in	  the	  binaural	  compared	  
to	   the	   summed	  monaural	   response.	   In	   addition,	   a	  main	   effect	   of	   age	  was	   found	   (F(2,39)	   =	   3.834,	  
p<0.05).	  As	  shown	  in	  Figure	  5,	  latencies	  increase	  with	  age.	  There	  was	  no	  significant	  interaction	  effect	  
of	  age	  by	  condition	  (F(2,39)	  =	  0.831,	  p=0.443).	  	  
Also	   for	   the	  wave	  V	  amplitudes,	   a	   significant	  main	  effect	  of	   condition	  was	   found	   (F(1,39)	  =	  11.22,	  
p<0.01).	   Figure	   6	   shows	   that	   amplitudes	   are	   smaller	   in	   the	   binaural	   compared	   to	   the	   summed	  
monaural	  response.	  Although	  it	  seems	  that	  the	  amplitudes	  are	  smallest	  in	  the	  oldest	  age	  group,	  this	  
difference	   was	   not	   significant	   (F(2,39)	   =	   0.658,	   p=0.524).	   Furthermore,	   there	   was	   no	   significant	  
interaction	  effect	  of	  age	  by	  condition	  (F(2,39)	  =	  0.41,	  p=0.666).	  	  




Figure	  4:	  Grand	  averages	  of	  click	  ABR	  and	  ABR-­‐BIC	  in	  young,	  middle-­‐aged,	  and	  older	  subjects.	  For	  each	  age	  group,	  the	  upper	  
panel	  shows	  the	  binaural	  and	  summed	  monaural	  responses.	  The	  lower	  panel	  shows	  the	  ABR-­‐BIC	  for	  each	  age	  group.	  	  	  
	  	   	  
Figure	  5:	  Mean	  wave	  V	  latency	  for	  click	  ABR.	  	  	   	   Figure	  6:	  Mean	  wave	  V	  amplitude	  for	  click	  ABR.	  
	  
Figure	  7:	  Click	  wave	  V	  amplitude	  ratio	  per	  age	  group.	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Figure	   7	   shows	   the	   click	   wave	   V	   amplitude	   ratio	   for	   each	   age	   group.	   A	   one-­‐way	   ANOVA	   did	   not	  
reveal	  a	  significant	  effect	  of	  age	  on	  the	  wave	  V	  amplitude	  ratio	  (one-­‐way	  ANOVA,	  F=0.304,	  df=2	  and	  
39,	  p=0.739).	  
500	  Hz	  TB	  ABR	  
Asymmetry	  
The	  500	  Hz	  TB	  ABR	  was	  symmetrical	  in	  all	  age	  groups.	  Wave	  V	  latencies	  in	  response	  to	  left	  and	  right	  
ear	  stimulation	  did	  not	  differ	  significantly	  (young:	  paired	  t-­‐test,	  t(13)=-­‐0.285,	  p=0.780,	  middle-­‐aged:	  
paired	  t-­‐test,	  t(12)=-­‐0.671,	  p=0.515,	  older:	  paired	  t-­‐test,	  t(11)=-­‐0.922,	  p=0.376).	  Furthermore,	  wave	  
V	  amplitudes	  were	  not	  significantly	  different	  between	  the	  left	  and	  right	  responses	  (young:	  paired	  t-­‐
test,	  t(13)=0.821,	  p=0.427,	  middle-­‐aged:	  paired	  t-­‐test,	  t(12)=-­‐1.363,	  p=0.198,	  older	  group:	  paired	  t-­‐
test,	  t(11)=1.592,	  p=0.140).	  
Binaural	  interaction	  
Figure	   8	   shows	   the	   grand	   averages	   of	   the	   500	  Hz	   TB	  ABRs	   and	  ABR-­‐BICs	   for	   each	   age	   group.	   The	  
latencies	   are	   fairly	   equal	   in	   B	   compared	   to	   L+R.	   However,	   amplitudes	   are	   clearly	   smaller	   in	   B	  
compared	  to	  L+R.	  Interestingly,	  the	  ABR-­‐BIC	  is	  smallest	  in	  the	  oldest	  age	  group.	  	  
	  
Figure	  8:	  Grand	  averages	  of	  500	  Hz	  TB	  ABR	  and	  ABR-­‐BIC	  in	  young,	  middle-­‐aged,	  and	  older	  subjects.	  For	  each	  age	  group,	  
the	  upper	  panel	  shows	  the	  binaural	  and	  summed	  monaural	  responses.	  The	  lower	  panel	  shows	  the	  ABR-­‐BIC	  for	  each	  age	  
group.	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A	   split-­‐plot	   ANOVA	   did	   not	   show	   a	   significant	   main	   effect	   of	   condition	   on	   wave	   V	   latency	  
(F(1,36)=0.217,	   p=0.644).	   A	   borderline	   significant	   main	   effect	   of	   age	   was	   found	   (F(2,36)=3.248,	  
p=0.050).	  Figure	  9	  shows	  that	  the	   latencies	   increase	  with	  age.	  No	  significant	   interaction	  effect	  was	  
found	  for	  age	  by	  condition	  (F(2,36)	  =	  1.612,	  p=0.214).	  	  	  	  
	  	   	  
	  
	  
A	   split-­‐plot	  ANOVA	  revealed	  a	   significant	  main	  effect	  of	   condition	  on	  wave	  V	  amplitude	   (F(1,36)	  =	  
128.837,	   p<0.001),	   with	   smaller	   amplitudes	   in	   the	   binaural	   condition	   as	   shown	   in	   Figure	   10.	   This	  
figure	  additionally	  illustrates	  that	  the	  amplitudes	  decrease	  with	  increasing	  age.	  The	  split-­‐plot	  ANOVA	  
indeed	  revealed	  a	  significant	  main	  effect	  of	  age	  (F(2,36)	  =	  3.917,	  p<0.05).	  Furthermore,	  a	  significant	  
interaction	  effect	  of	  condition	  by	  age	  was	  found	  (F(2,36)	  =	  4.144,	  p<0.05).	  Figure	  10	  aids	  to	  interpret	  
this	   interaction	  effect.	   It	   shows	   that	   the	  amplitude	  differences	  between	  the	  binaural	  and	  summed	  
monaural	  ABRs	  were	  smallest	   in	  the	  oldest	  age	  group.	  The	  mean	  amplitude	  differences	  between	  B	  
and	   L+R	   in	   the	   youngest,	  middle-­‐aged	   and	  oldest	   group	  were	   respectively	   0.32	  μV	   (SD	  0.158	  μV),	  
0.37	  μV	  (SD	  0.179	  μV),	  and	  0.19	  μV	  (SD	  0.146	  μV).	  	  
Pairwise	   comparison	   of	   the	   amplitude	   differences	   between	   B	   and	   L+R	   revealed	   a	   significant	  
difference	  between	  the	  middle-­‐aged	  and	  older	  group	  (t-­‐test,	  t(23)=2.759,	  p<0.05),	  which	  remained	  
significant	  after	  Bonferroni	  correction.	  Pairwise	  comparison	  of	  the	  amplitude	  differences	  between	  B	  
and	  L+R	  did	  not	  significantly	  differ	  between	  the	  youngest	  and	  oldest	  age	  group	  (t-­‐test,	  t(24)=2.043,	  
p=0.052).	  Note	  that	  the	  significance	  level	   is	  set	  to	  a	  stricter	   level	  due	  to	  the	  Bonferroni	  correction.	  
Furthermore,	  pairwise	  comparison	  did	  not	  reveal	  a	  significant	  difference	  between	  the	  youngest	  and	  
middle-­‐aged	  group	  (t-­‐test,	  t(25)=-­‐0.902,	  p=0.376).	  	  
Figure	  9:	  Mean	  wave	  V	  latencies	  for	  	  
500	  Hz	  tone-­‐burst	  ABR	  
Figure	  10:	  Mean	  wave	  V	  amplitudes	  for	  	  
500	  Hz	  tone-­‐burst	  ABR	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Figure	  11	  shows	  the	  amplitude	  ratios	  for	  each	  age	  group.	  Subject	  13	  has	  an	  extreme	  outlying	  value.	  
This	  is	  the	  only	  young	  subject	  with	  an	  amplitude	  ratio	  near	  1.00.	  Figure	  12	  shows	  that	  this	  particular	  
subject	   has	   clear	   ABRs.	   Another	   remarkable	   observation	   is	   that	   three	  middle-­‐aged	   and	   one	   older	  
subject	  have	  an	  amplitude	  ratio	  of	  about	  0.50.	  The	  responses	  of	  these	  subjects	  are	  shown	  in	  Figure	  
13.	  	  
` 	  	  	  	  	   	  
	  
	  
Figure	   13:	   500	   Hz	   TB	   ABRs	   in	   subjects	   with	   amplitude	   ratios	   around	   0.50.	   (a)	   and	   (d)	   show	   rather	   poor	  morphology,	  
whereas	  (b)	  and	  (c)	  show	  clear	  responses.	   (a),	  (b),	  and	  (c)	  are	  responses	  of	  middle-­‐aged	  subjects;	  (d)	  is	  a	  response	  of	  an	  
older	  adult.	  All	  of	  these	  participants	  had	  normal	  hearing	  for	  the	  octave	  frequency	  between	  250	  and	  4000	  Hz.	  	  
Figure	  11:	  500	  Hz	  TB	  wave	  V	  amplitude	  
ratio	  per	  age	  group	  
Figure	  12:	  500	  Hz	  TB	  ABR	  of	  subject	  13.	  
Subject	  13	  is	  a	  young	  normal	  hearing	  subject.	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Statistical	  analysis	   revealed	  that	   the	  amplitude	  ratios	  were	  significantly	  affected	  by	  age	   (One-­‐way	  
ANOVA,	  F=4.456,	  df=2	  and	  36,	  p=0.019).	  Pairwise	  contrasts	  were	  again	  tested	  at	  a	  significance	  level	  
of	  0.017.	  A	  non-­‐significant	   trend	  of	  higher	   ratios	   for	   the	  older	  compared	   to	  middle-­‐aged	  subjects	  
was	   found	   (t-­‐test,	   t=-­‐2.458,	   df=23,	   p=0.022).	   No	   significant	   difference	   was	   found	   between	   the	  
youngest	  and	  the	  oldest	  adults	  (t-­‐test,	  t=-­‐0.600,	  df=24,	  p=0.554).	  A	  borderline	  non-­‐significant	  trend	  
of	  higher	   ratios	   for	  younger	  compared	  to	  middle-­‐aged	  subjects	  was	   found	   (t-­‐test,	   t=2.538,	  df=25,	  
p=0.018).	  
Discussion	  
The	   present	   study	   investigates	   binaural	   interaction	   in	   the	   click	   and	   500	   Hz	   TB	   ABR.	   Binaural	  
interaction	   in	   the	   click	   ABR	   was	   demonstrated	   by	   shorter	   latencies	   for	   B	   than	   L+R,	   which	   is	  
consistent	  with	   the	   literature	   (Brantberg	  et	   al.	   1999,	   Levine	  1981).	  Additionally,	   the	   current	   study	  
found	   significantly	   smaller	   click	   wave	   V	   amplitudes	   in	   B	   compared	   to	   L+R.	   Although	   the	   latter	   is	  
consistent	  with	  a	  report	  by	  McPherson	  and	  Starr	  (1993),	  other	  studies	  did	  not	  reveal	  such	  amplitude	  
differences	  (Brantberg	  et	  al.	  1999,	  Van	  Yper	  et	  al.	  2015).	  The	  inconsistency	  in	  the	  literature	  might	  be	  
explained	  by	   the	   fact	   that	   amplitude	  differences	  between	  B	   and	   L+R	  are	   very	   small	   (see	   Table	   2).	  
These	  small	  amplitude	  differences	  may	  not	  have	  been	  significant	  in	  previous	  studies	  due	  to	  a	  small	  
sample	  size.	  	  
Binaural	  interaction	  was	  also	  apparent	  in	  the	  500	  Hz	  TB	  ABR,	  albeit	  in	  a	  different	  manner.	  In	  contrast	  
to	  clicks,	  500	  Hz	  TB	  wave	  V	  latencies	  were	  not	  significantly	  different	  in	  B	  compared	  to	  L+R.	  This	  may	  
in	  part	   be	   attributed	   to	   the	   larger	   variability	   of	   500	  Hz	   TB	  wave	  V	   latencies,	  which	   in	   turn	   results	  
from	  two	  effects.	  First,	  a	  frequency-­‐following	  response	  (FFR)	  is	  often	  overlapping	  the	  500	  Hz	  TB	  ABR.	  
The	  FFR	  is	  a	  scalp-­‐potential	  of	  the	  brainstem	  activity	  that	  mimics	  the	  periodicity	  of	  the	  stimulus.	  This	  
periodic	  activity	  is	  observed	  in	  at	  least	  some	  of	  the	  500	  Hz	  TB	  ABRs.	  Second,	  even	  in	  those	  subjects	  
who	   do	   not	   have	   an	   overlapping	   FFR,	   500	   Hz	   TB	   wave	   V	   was	   less	   peaked	   than	   its	   click-­‐evoked	  
equivalent.	  Unlike	  the	  latencies,	  500	  Hz	  TB	  wave	  V	  amplitudes	  were	  significantly	  different	  between	  B	  
and	  L+R,	  with	  smaller	  amplitudes	  in	  B.	  Earlier	  studies	  on	  binaural	  interaction	  in	  500	  Hz	  TB	  ABR	  found	  
similar	   results	   (Fowler	   &	   Horn	   2012,	   Van	   Yper	   et	   al.	   2015).	   However,	   the	   amplitude	   differences	  
reported	  by	  Fowler	  and	  Horn	  (2012)	  are	  smaller	  than	  those	  observed	  in	  the	  present	  study.	  This	  may	  
be	   due	   to	   methodological	   differences	   between	   the	   studies,	   e.g.	   differences	   in	   band-­‐pass	   filters,	  
stimulus	  windows,	  and	  intensity	  levels.	  
The	  most	  important	  finding	  of	  the	  present	  study	  is	  that	  the	  500	  Hz	  TB	  ABR-­‐BIC	  seems	  to	  decline	  with	  
age.	  Figure	  8	  clearly	   shows	   the	  smallest	  500	  Hz	  TB	  ABR-­‐BIC	   in	   the	  oldest	  age	  group.	   In	  agreement	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with	  this	  finding,	  the	  mean	  amplitude	  difference	  between	  B	  and	  L+R	  is	  smallest	  in	  the	  oldest	  group.	  
The	  results	  on	  the	  amplitude	  ratio	  are,	  however,	  unexpected.	  This	  may	  in	  part	  be	  attributed	  to	  the	  
extreme	  outlier	  in	  the	  youngest	  age	  group.	  Another	  remarkable	  observation	  is	  that	  in	  three	  middle-­‐
aged	  and	  one	  older	  adult	  an	  amplitude	  ratio	  of	  about	  0.50	  was	  found.	  Figure	  13	  shows	  the	  responses	  
of	  these	  subjects.	  Figures	  13a	  and	  13d	  show	  500	  Hz	  TB	  ABRs	  with	  rather	  poor	  morphology.	  However,	  
clear	  responses	  are	  observed	  in	  Figures	  13b	  and	  13c.	  The	  binaural	  500	  Hz	  TB	  ABR	  in	  these	  subjects	  is	  
indeed	  about	  as	   large	  as	  a	   single	  monaural	  ABR.	  Although	  similar	   findings	  have	  been	   reported	   for	  
middle-­‐latency	  responses,	  this	  has	  –	  to	  our	  knowledge	  –	  not	  been	  described	  for	  ABRs.	  To	  date,	  it	  is	  
unclear	  what	  these	  ratios	  mean	  in	  terms	  of	  binaural	  interaction.	  	  
The	   senescent	   decline	   in	   the	   500	  Hz	   TB	   ABR-­‐BIC	   suggests	   an	   age-­‐related	  modification	   of	   binaural	  
interaction	   at	   the	   brainstem	   level,	   potentially	   in	   the	   MSO.	   The	   MSO	   has	   been	   suggested	   to	   be	  
involved	  in	  the	  binaural	  processing	  of	  low-­‐frequency	  TBs	  (Ito	  et	  al.	  1988).	  Ito	  et	  al.	  (1988)	  recorded	  
ABR-­‐BICs	  in	  response	  to	  TBs	  of	  various	  frequencies.	  Interestingly,	  the	  amplitude	  of	  the	  ABR-­‐BIC	  peak	  
DV	  increased	  with	  decreasing	  frequency.	  This	  finding	  was	  attributed	  to	  the	  different	  nuclei	  that	  may	  
be	  involved	  in	  the	  binaural	  processing	  of	  low-­‐	  versus	  high-­‐frequency	  TBs,	  respectively	  the	  MSO	  and	  
LSO.	  Since	  the	  MSO	  is	  substantially	   larger	  than	  the	  LSO,	  more	  neural	  resources	  may	  be	   involved	  in	  
the	  processing	  of	   low-­‐frequency	  ABR-­‐BICs	  (which	  are	  most	   likely	  generated	   in	  the	  MSO)	  compared	  
to	  high-­‐frequency	  ABR-­‐BICs	  (which	  are	  most	  likely	  generated	  in	  the	  LSO).	  
Age-­‐related	  changes	   in	  the	  MSO	  are	  expected	  to	  mainly	  affect	   ITD	  sensitivity	  since	  this	  anatomical	  
structure	   is	   known	   to	   primarily	   process	   ITDs.	   Psychoacoustic	   research	   indeed	   shows	   that	   ITD	  
sensitivity	  decreases	  with	  age.	  Furthermore,	  sensitivity	  to	  interaural	  phase	  differences	  (IPDs)	  –	  which	  
are	  closely	  related	  to	  ITDs	  –	  seems	  to	  decrease	  with	  advancing	  age.	  Ross	  et	  al.	  (2007)	  recorded	  P1-­‐
N1-­‐P2	   change	   responses	   to	   changes	   in	   IPDs	   in	   amplitude-­‐modulated	   tones	   with	   different	   carrier	  
frequencies.	   As	   the	   carrier	   frequency	   increased,	   the	   amplitude	   of	   the	   P1-­‐N1-­‐P2	   change	   response	  
decreased.	   The	   P1-­‐N1-­‐P2	   change	   responses	  were	   identifiable	   up	   to	   1225	  Hz	   in	   young	   adults.	   This	  
upper	   frequency	   limit	   diminished	   with	   increasing	   age,	   suggesting	   an	   age-­‐related	   deterioration	   of	  
phase	  synchrony.	  The	  results	  of	  the	  current	  study	  are	  complementary	  to	  those	  of	  Ross	  et	  al.	  (2007).	  
The	  cortical	  changes	  reported	  by	  Ross	  et	  al.	   (2007)	  may	  result	   from	  changes	  at	   lower	   levels	  of	   the	  
auditory	  system,	  such	  as	  age-­‐related	  changes	  at	   the	   level	  of	   the	  brainstem	  and	  peripheral	  sensory	  
organ.	  	  
Although	  the	  ABR-­‐BIC	  has	  been	  widely	  used	  to	  assess	  brainstem	  binaural	  interaction,	  the	  technique	  
has	  several	  limitations.	  First,	  acoustic	  cross-­‐over	  may	  influence	  the	  ABR-­‐BIC.	  Despite	  the	  use	  of	  insert	  
phones	  and	  moderate	  intensity	  levels,	  acoustic	  cross-­‐over	  cannot	  be	  completely	  excluded.	  However,	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based	  on	  the	  typical	  values	  for	  interaural	  attenuation,	  acoustic	  cross-­‐over	  will	  have	  occurred	  in	  only	  
a	  minority	  of	  the	  participants	  (Sobhy	  &	  Gould	  1993).	  Second,	  also	  the	  stapedial	  reflex	  might	  have	  an	  
influence	  on	  the	  ABR-­‐BIC.	  However,	  the	  moderate	  intensity	  levels,	  short	  stimulus	  duration,	  and	  low	  
stimulation	   rate	  make	   it	  unlikely	   that	   the	  stapedial	   reflex	  had	  a	  major	   impact	  on	   the	  present	  data	  
(Gelfand	  1984).	  Third,	  also	  small	  interaural	  asymmetries	  in	  the	  ABR	  may	  affect	  measures	  of	  binaural	  
interaction.	  In	  the	  present	  study,	  ABRs	  were	  symmetrical	  in	  response	  to	  500	  Hz	  TBs.	  In	  contrast,	  click	  
ABRs	   were	   asymmetrical	   in	   the	   youngest	   age	   group.	   Although	   these	   asymmetries	   are	   clinically	  
irrelevant,	   their	   effect	   on	   measures	   of	   binaural	   interaction	   is	   unclear.	   Spivak	   and	   Seitz	   (1988)	  
claimed	  that	  small	  inter-­‐ear	  asymmetries	  affect	  the	  ABR-­‐BIC.	  Other	  researchers	  advocated	  that	  such	  
asymmetries	  are	  around	  noise	  level	  and	  therefore	  irrelevant	  (McPherson	  &	  Starr	  1993).	  Fourth,	  the	  
interpretation	  of	  individual	  ABR-­‐BICs	  is	  hampered	  by	  its	  low	  signal-­‐to-­‐noise	  ratio.	  The	  present	  study	  
addressed	  this	  issue	  by	  investigating	  grand	  average	  ABR-­‐BIC	  and	  by	  comparing	  the	  characteristics	  of	  
the	  ABRs	  in	  the	  B	  versus	  L+R	  condition.	  	  
Conclusions	  
The	   results	   of	   the	   present	   study	   can	   be	   summarized	   by	   two	   main	   findings.	   First,	   evidence	   for	  
binaural	  interaction	  was	  found	  in	  both	  click	  and	  500	  Hz	  TB	  ABR.	  Second,	  binaural	  interaction	  seems	  
to	   change	  with	   age	   in	   the	  500	  Hz	   TB,	   but	   not	   in	   the	   click	  ABR.	   The	   latter	   suggests	   an	   age-­‐related	  
change	  in	  binaural	  processing	  which	  is	  stimulus-­‐dependent.	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2.3	  	   Can	  the	  ABR-­‐BIC	  be	  recorded	  in	  bimodal	  listeners?	  
Introduction	  
Cochlear	  implantation	  has	  been	  the	  standard	  treatment	  for	  bilateral	  profound	  cochlear	  hearing	  loss	  
for	  over	  20	  years.	  Continuous	  advances	  in	  cochlear	  implant	  (CI)	  technology	  have	  led	  to	  a	  relaxation	  
of	   the	   implantation	   criteria.	   Consequently,	   CI-­‐candidacy	  has	  extended	   to	   include	  hearing-­‐impaired	  
individuals	  with	   increasing	   amounts	   of	   residual	   hearing	   (Arnoldner	  &	   Lin	   2013).	   These	   individuals	  
combine	   electrical	   (CI)	   hearing	   and	   acoustical	   (residual)	   hearing.	   The	   term	   ‘bimodal	   stimulation’	  
refers	   to	   the	   combination	  of	   electrical	   hearing	   in	  one	  ear	   and	  acoustical	   hearing	   in	   the	  other	  ear.	  
Bimodal	   stimulation	   occurs	   in	   subjects	   with	   contralateral	   residual	   hearing	   (bimodal	   listeners)	   or	  
contralateral	  normal	  hearing	  (single-­‐sided	  deaf	  CI-­‐users).	  
Both	  bimodal	   listeners	  and	  single-­‐sided	  deaf	   (SSD)	  CI-­‐users	   receive	  bilateral	  auditory	   input.	  Hence,	  
these	  patients	  may	  have	  access	  to	  binaural	  cues.	  Psychoacoustic	  research	   indeed	  suggest	  that	  SSD	  
CI-­‐users	  (Vermeire	  &	  Van	  de	  Heyning	  2009)	  and	  bimodal	   listeners	  (review	  Schafer	  et	  al.	  2007)	  may	  
rely	  on	  binaural	  effects	  to	  enhance	  speech	  perception	  in	  noise	  and	  sound	  localization.	  These	  results	  
indicate	   that	   the	   central	   auditory	   system	   is	   able	   to	   integrate	   electrical	   and	   acoustical	   signals	  
presented	  in	  opposite	  ears.	  However,	  in	  some	  exceptional	  cases,	  the	  electrical	  and	  acoustical	  input	  
seems	   to	   interfere	   with	   each	   other	   (Fitzpatrick	   &	   Leblanc	   2010).	   The	   mechanisms	   underlying	  
integration	   and	   interference	   of	   bimodal	   stimuli	   are	   still	   unclear,	   but	   may	   be	   attributed	   to	   the	  
binaural	   integration	   capacities	   of	   the	   central	   auditory	   system.	   A	   better	   understanding	   of	   these	  
mechanisms	   may	   improve	   the	   counseling	   and	   outcome	   in	   these	   patients	   (Dunn	   et	   al.	   2005,	   van	  
Hoesel	  2012).	  	  
Binaural	   integration	   starts	   at	   the	   brainstem	   level	   and	   has	   been	   studied	   by	   deriving	   a	   binaural	  
interaction	  component	  from	  the	  auditory	  brainstem	  response	  (ABR-­‐BIC)	  (Dobie	  &	  Berlin	  1979).	  The	  
ABR-­‐BIC	  has	  been	  used	   to	  assess	  binaural	   integration	   in	  several	  populations,	   including	  bilateral	  CI-­‐
users	   (e.g.	   Pelizonne	   1990,	   Gordon	   2007a,	   2007b,	   2008).	   In	   line	   with	   these	   previous	   studies,	   the	  
ABR-­‐BIC	  may	   provide	   a	   technique	   to	   assess	   brainstem	   binaural	   processing	   of	   bimodal	   stimulation	  
(Battmer	  et	  al.	  2011,	  Noh	  et	  al.	  2007).	  However,	  unlike	  bilateral	  CI-­‐users,	  bimodal	  listeners	  combine	  
two	   different	   stimulation	   modes.	   The	   implanted	   ear	   is	   stimulated	   electrically,	   whereas	   the	   non-­‐
implanted	   ear	   is	   stimulated	   acoustically.	   The	  ABRs	   elicited	   by	   electrical	   and	   acoustical	   stimulation	  
differ	  from	  each	  other.	  The	  latencies	  of	  the	  waves	  in	  the	  electrical	  ABR	  are	  substantially	  shorter	  than	  
those	  of	   the	  acoustical	  ABR.	  This	   is	  due	  to	  the	  absence	  of	  middle	  ear	   transmission,	   traveling	  wave	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delay,	  and	   inner	  ear	   transduction,	  as	  well	  as	   the	  highly	  synchronized	  neuronal	  activity	   in	  electrical	  
hearing.	   In	   addition,	   amplitudes	   are	   difficult	   to	   compare	   given	   the	   different	   way	   of	   stimulation.	  
These	   latency	   and	   amplitude	   differences	   lead	   to	   an	   important	   interaural	   asymmetry,	   which	   may	  
hamper	   the	   recording	   and	   interpretation	   of	   ABR-­‐BICs	   in	   bimodal	   listeners.	   The	   present	   section	  
therefore	   discusses	  whether	   the	   ABR-­‐BIC	   can	   be	   used	   to	   assess	   brainstem	   binaural	   integration	   in	  
bimodal	  listeners.	  	  
Literature	  
To	  our	  knowledge,	  only	  two	  studies	  recorded	  ABR-­‐BICs	   in	  response	  to	  bimodal	  stimulation.	  Noh	  et	  
al.	  (2007)	  computed	  ABR-­‐BICs	  in	  unilaterally	  implanted	  guinea	  pigs	  with	  normal	  hearing	  in	  the	  non-­‐
implanted	  ear.	  To	  account	  for	  the	  interaural	  amplitude	  difference,	  the	  electrical	  stimulus	   level	  was	  
adjusted	   to	   produce	   electric	   wave	   V	   amplitudes	   that	   equaled	   the	   acoustic	   wave	   V	   amplitude.	   To	  
account	   for	   the	   interaural	   latency	  difference,	   the	  electrical	  stimulation	  was	  delayed	  relative	  to	  the	  
acoustical	  stimulation.	  Several	  delays	  were	  introduced	  and	  it	  was	  found	  that	  ABR-­‐BICs	  were	  largest	  
for	  time	  delays	  that	  equaled	  the	  latency	  difference	  between	  the	  electrical	  and	  the	  acoustical	  wave	  V.	  	  
More	  recently,	  Battmer	  et	  al.	  (2011)	  recorded	  ABR-­‐BICs	  in	  adult	  SSD	  CI-­‐users.	  Like	  Noh	  et	  al.	  (2007),	  
Battmer	   et	   al.	   (2011)	   accounted	   for	   the	   interaural	   latency	   differences.	   The	   latter	   study	   computed	  
ABR-­‐BICs	   in	   two	   measurement	   conditions.	   The	   first	   condition	   computed	   ABR-­‐BICs	   to	   pitch-­‐	   and	  
loudness-­‐balanced	  electrical	  and	  acoustical	  stimulation.	  The	  second	  condition	  computed	  ABR-­‐BICs	  to	  
electrical	   and	   acoustical	   stimulation	   that	   produced	   electrical	   and	   acoustical	   wave	   Vs	   with	   similar	  
amplitudes.	  	  
Discussion	  
These	  studies	  show	  that	  a	  difference	  wave,	  defined	  as	  the	  ABR-­‐BIC,	  can	  be	  obtained	  in	  response	  to	  
bimodal	  stimulation.	  The	  interpretation	  of	  this	  difference	  wave	  is,	  however,	  extremely	  challenging.	  
Both	   studies	   manipulated	   the	   acoustical	   and	   electrical	   stimulus	   parameters	   to	   mimimize	   the	  
interaural	   latency	  and	  amplitude	  differences.	   It	   is	  unclear	  how	  these	  manipulations	  affect	  binaural	  
processing.	  A	  pilot	  study	  in	  our	  clinic	  showed	  that	  equal	  amplitudes	  for	  the	  acoustical	  and	  electrical	  
waves	   V	   did	   not	   necessarily	   result	   in	   equal	   loudness.	   A	   disbalance	   in	   interaural	   loudness	   may	  
severely	   affect	   sensitivity	   to	   interaural	   loudness	   differences	   (ILDs).	   Hence,	   the	   adjustments	   of	   the	  
amplitudes	  may	  have	  a	  deleterious	  on	  binaural	  processing	  in	  bimodal	  listeners.	  In	  order	  to	  address	  
the	   latter	   issue,	   Battmer	   et	   al.	   (2011)	   also	   recorded	   ABR-­‐BICs	   to	   pitch-­‐	   and	   loudness-­‐balanced	  
electrical	  and	  acoustical	   stimulation.	  This	   loudness-­‐balanced	  percept	  does	  not	  necessarily	  produce	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responses	  of	  equal	  amplitudes.	  It	  is	  unclear	  how	  the	  interaural	  asymmetry	  in	  amplitudes	  affects	  the	  
difference	  wave.	  	  
To	   date,	   it	   is	   also	   unknown	   how	   the	   latency	   shift	   affects	   binaural	   processing	   of	   bimodal	   stimuli.	  
Temporal	   precision	   is	   crucial	   for	   the	   processing	   of	   interaural	   time	   differences	   (ITDs).	   One	   could	  
expect	  that	  the	  interaural	  timing	  difference	  between	  electrical	  and	  acoustical	  stimulation	  affects	  ITD	  
sensitivity.	  Hence,	  ITD	  sensitivity	  may	  improve	  if	  the	  acoustical	  stimulation	  is	  delayed	  relative	  to	  the	  
electrical	   stimulation.	   Francart	   et	   al.	   (2009)	   indeed	   found	   that	   ITD	   sensitivity	   in	   bimodal	   listeners	  
increases	  when	  the	  electrical	  stimulation	  is	  delayed	  by	  1.5	  ms.	  Given	  the	  frequency-­‐dependence	  of	  
the	  traveling	  wave	  delay,	  one	  would	  expect	  that	  the	  compensatory	  delay	  would	  be	  longer	  for	  lower	  
frequencies.	  In	  the	  study	  by	  Francart	  et	  al.	  (2009),	  no	  frequency	  dependence	  was	  found.	  This	  could	  
be	  attributed	  to	  patient-­‐related	  factors,	  such	  as	  the	  limited	  frequency	  range	  of	  the	  subjects’	  residual	  
hearing,	   broadened	   auditory	   filter,	   and	   the	   loss	   of	   the	   outer	   hair	   cell	   function	   (Francart	   &	  
McDermott	  2013).	   In	  addition,	  the	  psychoacoustic	  tests	  used	   in	  the	  study	  by	  Francart	  et	  al.	   (2009)	  
may	  have	  lacked	  sensitivity	  (Francart	  &	  McDermott	  2013).	  Since	  ABRs	  have	  an	  exceptional	  temporal	  
resolution,	  the	  ABR	  may	  provide	  the	  opportunity	  to	  measure	  the	  frequency-­‐specific	  interaural	  timing	  
disparity	  in	  bimodal	  listeners	  (Zirn	  et	  al.	  2015).	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Objectives	  Continuous	  advances	  in	  cochlear	  implant	  (CI)	  technology	  have	  led	  to	  a	  relaxation	  of	  the	  
implantation	   criteria.	   Hence,	   an	   increasing	   amount	   of	   CI-­‐users	   combine	   electrical	   and	   acoustical	  
stimulation	   in	   opposite	   ears.	   To	   date,	   it	   is	   unclear	   how	   the	   brainstem	   processes	   these	   two	  
stimulation	   modes.	   The	   recording	   of	   bimodal	   ABRs	   may	   provide	   insight	   into	   brainstem	   bimodal	  
processing.	  
Methods	  Ten	  bimodal	   listeners	  were	   included	   in	  the	  study.	  The	  non-­‐implanted	  ear	  was	  stimulated	  
acoustically,	  whereas	   the	   implanted	  ear	  was	   stimulated	  electrically.	  Auditory	  brainstem	   responses	  
(ABRs)	  were	  obtained	  to	  pitch	  and	  loudness	  balanced	  monaural	  acoustical,	  monaural	  electrical,	  and	  
bimodal	  stimulation.	  	  
Results	   Electrical	   ABRs	   were	   found	   in	   all	   subjects	   in	   both	   the	   monaural	   and	   bimodal	   condition.	  
Monaural	   acoustical	   ABRs	   were	   obtained	   in	   three	   subjects.	   The	   bimodal	   ABRs	   of	   each	   of	   these	  
subjects	  showed	  a	  different,	  but	  reproducible,	  morphology.	  	  
Discussion	  The	  present	  study	  shows	  that	  bimodal	  ABRs	  can	  be	  recorded.	  However,	  several	  patient-­‐
related	  factors	  seem	  to	  affect	  the	  recording	  of	  bimodal	  ABRs.	  Future	  studies	  should	  include	  subjects	  
with	  more	  residual	  hearing.	  	  
Conclusion	  Although	  acoustical	  ABRs	  were	  not	  always	  present,	  these	  preliminary	  data	  show	  that	  it	  is	  
feasible	  to	  obtain	  brainstem	  responses	  to	  bimodal	  stimulation.	  
Keywords	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  ABR,	  cochlear	  implant,	  CI,	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The	   continuous	   advances	   in	   cochlear	   implant	   (CI)	   technology	   have	   improved	   speech	   perception	  
outcomes	   with	   these	   devices.	   This,	   in	   turn,	   has	   led	   to	   a	   relaxation	   of	   the	   implantation	   criteria.	  
Nowadays,	  cochlear	  implantation	  is	  considered	  in	  severely	  hearing-­‐impaired	  individuals	  who	  do	  not	  
benefit	   from	   conventional	   hearing	   aids	   despite	   having	   some	  degree	  of	   residual	   hearing.	   The	   term	  
‘bimodal	  hearing’	  refers	  to	  the	  combination	  of	  a	  CI	  in	  one	  ear	  and	  (aided)	  acoustical	  hearing	  in	  the	  
other	  ear.	  	  
Bimodal	   hearing	   has	   several	   advantages.	   First,	   the	   acoustical	   hearing	   provides	   temporal	   fine-­‐
structure	   information,	   which	   is	   largely	   unavailable	   in	   current	   CI-­‐systems.	   This	   fine-­‐structure	  
information	   contributes	   to	   pitch	   perception,	   speech	   perception	   in	   noise,	   and	   music	   appreciation	  
(e.g.	  Crew	  et	  al.	  2015,	  Kong	  et	  al.	  2005).	  Second,	  bimodal	  hearing	  provides	  bilateral	  auditory	  input.	  
Hence,	   some	   bimodal	   listeners	   may	   rely	   on	   bilateral	   and	   binaural	   effects	   to	   enhance	   speech	  
perception	  in	  noise	  and	  sound	  localization	  (e.g.	  Ching	  et	  al.	  2004,	  Morera	  et	  al.	  2012,	  Seeber	  et	  al.	  
2004).	  
Despite	   these	   potential	   advantages,	   individual	   outcome	   varies	   considerably.	  While	   some	   bimodal	  
listeners	  are	  able	  to	  discriminate	  between	  left	  and	  right	  sound	  source	  locations,	  others	  completely	  
lack	  the	  ability	  to	   localize	  sound	  in	  the	  horizontal	  plane	  (Seeber	  et	  al.	  2004).	   In	  addition,	  there	   is	  a	  
large	   inter-­‐subject	   variability	   in	   speech	   perception	   in	   noise.	   Speech	   perception	   in	   noise	   usually	  
improves	   in	   bimodal	   listening.	   However,	   some	   individuals	   seem	   to	   perform	   worse	   in	   bimodal	  
compared	  to	  CI-­‐only	  listening	  (Dunn	  et	  al.	  2005,	  Tyler	  et	  al.	  2002).	  CI-­‐users	  who	  do	  not	  benefit	  from	  
wearing	  a	   contralateral	  hearing	  aid	  often	   report	   that	   the	  electrical	   and	  acoustical	   signals	   interfere	  
with	  each	  other	  (Fitzpatrick	  &	  Leblanc	  2010).	  
The	  mechanisms	  underlying	  bimodal	  benefit	  and	  interference	  are	  still	  unclear,	  but	  may	  be	  related	  to	  
the	   binaural	   integrating	   capacities	   of	   the	   central	   auditory	   system.	   Central	   integration	   of	   bimodal	  
stimuli	   may	   be	   hampered	   by	   the	   interaural	   asymmetry.	   While	   the	   electrical	   stimulation	   directly	  
stimulates	  the	  auditory	  nerve	  fibers,	  acoustical	  stimulation	  passes	  through	  the	  middle	  and	  inner	  ear	  
before	  stimulating	   the	  auditory	  nerve	   fibers.	  This	  causes	  an	   interaural	   timing	  disparity,	  which	  may	  
discard	  binaural	  cues,	  such	  as	  interaural	  time	  differences	  (Francart	  et	  al.	  2009).	  	  
Accounting	   for	   the	   interaural	   timing	   disparity	   may	   improve	   performance	   in	   bimodal	   listeners.	  
Francart	   et	   al.	   (2009)	   found	   that	   ITD	   sensitivity	   in	   bimodal	   listeners	   increases	  when	   the	   electrical	  
stimulation	  was	  delayed	  by	  1.5	  ms.	  Given	   the	   frequency-­‐dependence	  of	   the	   traveling	  wave	  delay,	  
one	  would	  expect	  longer	  compensatory	  delay	  for	  lower	  frequencies.	  However,	  Francart	  et	  al.	  (2009)	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did	  not	  found	  such	  frequency	  dependence.	  This	  may	  be	  attributed	  to	  patient-­‐related	  factors,	  such	  as	  
the	  limited	  frequency	  range	  of	  the	  subjects’	  residual	  hearing,	  broadened	  auditory	  filter,	  and	  the	  loss	  
of	   the	  outer	  hair	   cell	   function	   (Francart	  &	  McDermott	  2013).	   In	  addition,	   the	  psychoacoustic	   tests	  
used	  in	  the	  study	  by	  Francart	  et	  al.	  (2009)	  may	  have	  lacked	  sensitivity	  (Francart	  &	  McDermott	  2013).	  
Auditory	  brainstem	  responses	  (ABRs)	  have	  an	  exceptional	  temporal	  resolution.	  Hence,	  the	  ABR	  may	  
provide	   the	   opportunity	   to	   measure	   the	   frequency-­‐specific	   interaural	   timing	   disparity	   in	   bimodal	  
listeners.	  Zirn	  et	  al.	  (2015)	  measured	  interaural	  timing	  disparity	  in	  single-­‐sided	  deaf	  (SSD)	  CI-­‐users	  by	  
comparing	   monaurally-­‐evoked	   acoustical	   and	   electrical	   auditory	   brainstem	   responses	   (ABRs).	  
Although	   Zirn	   et	   al.	   (2015)	   provided	   insight	   into	   the	   temporal	   disparity	   between	   electrical	   and	  
acoustical	   stimulation,	   comparing	  monaural	  ABRs	  has	   some	   limitations.	   First,	   it	  does	  not	   take	   into	  
account	  potential	  effects	  of	  masking,	  temporal	   integration,	  or	  refractoriness	  that	  may	  occur	  during	  
binaural	   stimulation.	  Second,	   it	  does	  not	  provide	   information	  on	  whether	   the	  bimodal	   stimulation	  
results	   in	   binaural	   fusion.	   Therefore,	   the	   present	   study	   assesses	   whether	   ABRs	   to	   simultaneously	  
presented	  electrical	  and	  acoustical	  stimuli	  can	  be	  recorded.	  
Methods	  
Subjects	  
Ten	  bimodal	  listeners	  were	  included	  (see	  Table	  1).	  All	  subjects	  had	  full	  electrode	  insertion,	  no	  known	  
history	   of	   neurologic	   disorders,	   and	   residual	   hearing	   in	   the	   non-­‐implanted	   ear	   (see	   Figure	   1).	  
Audiometry	   was	   performed	   in	   a	   soundproof	   room	   using	   TDH39	   earphones	   and	   an	   AD629	  
audiometer	  (Equinox,	  Interacoustics,	  Assens,	  Denmark).	  The	  study	  was	  approved	  by	  the	  local	  Ethics	  
Committee.	  	  
Table	  1:	  Patients’	  characteristics	  
	  




Figure	  1:	  Unaided	  pure-­‐tone	  thresholds	  in	  the	  non-­‐implanted	  ear.	  	  
ABR	  stimulus	  parameters	  
The	   non-­‐implanted	   ear	   was	   stimulated	   acoustically	   using	   alternating	   500	   Hz	   tone-­‐bursts	   with	   a	  
rise/fall	  time	  of	  two	  cycles	  and	  a	  plateau	  of	  one	  cycle	  (Blackman-­‐windowed).	  These	  tone-­‐bursts	  were	  
delivered	   through	  Audiocups	  headphones	   (Amplivox	   Limited,	  UK)	   at	   a	   stimulation	   rate	  of	  15.1	  Hz.	  
Tone-­‐bursts	  were	  presented	  at	   a	   subjectively	   ‘loud	  but	   comfortable’	   loudness	   level,	  which	   ranged	  
from	  25	  to	  45	  dB	  SL.	  	  
The	   implanted	   ear	  was	   stimulated	   electrically	  with	   biphasic	   pulses,	  which	  were	   generated	   by	   the	  
Custom	  Sound	  EP	  software	  version	  4.0	  (Cochlear	  Corp,	  Australia).	  The	  duration	  of	  the	  biphasic	  pulses	  
was	   183	   μs.	   These	   stimuli	   were	   slightly	   longer	   than	   those	   standardly	   used	   in	   the	   clinic	   to	   avoid	  
voltage	  compliance	  issues.	  Nevertheless,	  the	  stimuli	  were	  short	  enough	  to	  limit	  the	  duration	  of	  the	  
stimulus	   artifact.	   The	   electrical	   stimulation	   was	   pitch	   and	   loudness	   balanced	   to	   the	   acoustical	  
stimulation.	   Firstly,	   the	   pitch-­‐balancing	   procedure	   was	   used	   to	   select	   an	   intra-­‐cochlear	   electrode	  
that	  was	  similar	   in	  pitch	  as	  the	  500	  Hz	  tone-­‐bursts.	  Subjects	  were	  instructed	  to	  compare	  the	  pitch,	  
but	   ignore	   the	   quality	   and	   loudness	   of	   the	   stimuli.	   After	   selecting	   the	   appropriate	   intra-­‐cochlear	  
electrode,	  subjects	  were	  asked	  to	  compare	  the	  loudness	  of	  the	  electrical	  stimulation	  to	  that	  of	  the	  
acoustical	   stimulation.	  When	   the	   loudness	  differed	  between	  both	  ears,	   the	  electrical	   current	   level	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was	  adjusted	  in	  steps	  of	  five	  current	  units	  until	  equal	  loudness	  was	  perceived	  in	  both	  ears.	  After	  the	  
pitch-­‐	  and	  loudness-­‐balancing	  procedures	  were	  completed,	  the	  electrical	  and	  acoustical	  stimulation	  
were	   presented	   simultaneously	   and	   subjects	   were	   asked	   whether	   the	   pitch	   and	   loudness	   were	  
similar	   in	   both	   ears.	   To	   evaluate	   binaural	   fusion,	   subjects	   were	   also	   asked	   whether	   this	   bimodal	  
stimulation	  was	  perceived	  on	  the	  right,	  left,	  middle,	  or	  both	  sides	  of	  the	  head.	  
ABR	  recording	  parameters	  
Subjects	   were	   instructed	   to	   relax	   while	   lying	   supine	   on	   a	   bed	   in	   a	   darkened	   room.	   Disposable	  
electrodes	  were	  placed	  at	  the	  vertex	  (positive),	  nape	  of	  the	  neck	  (negative),	  and	  nasion	  (ground).	  A	  
midline	  electrode	  configuration	  was	  used	  to	  minimize	  preferential	  recording	  of	  activity	  from	  either	  
side.	  Electrode	  and	  inter-­‐electrode	  impedances	  were	  less	  than	  respectively	  5	  and	  3	  kΩ.	  	  
ABRs	  were	  recording	  using	  the	  Medelec	  Synergy	  with	  software	  version	  14	  (Oxford	  Instruments,	  UK).	  
Synchronization	  between	  the	  stimulation	  and	  recording	  was	  established	  through	  external	  triggering.	  
The	   CI-­‐software	   externally	   triggered	   the	   Medelec	   Synergy,	   including	   its	   audiostimulator.	   Hence,	  
ABRs	   could	  be	   recorded	   to	  monaural	   acoustical,	  monaural	  electrical,	   and	  bimodal	   stimulation.	   For	  
each	   of	   these	   stimulus	   conditions,	   four	   to	   eight	   replications	   of	   each	   1000	   stimulus	   presentations	  
were	   obtained.	   Average	   waveforms	   of	   2000	   stimulus	   presentations	   were	   computed	   offline	   using	  
MATLAB	  version	  8.4	   (The	  Mathworks,	  Nantucket).	   The	   recording	  window	  consisted	  of	  a	  6	  ms	  pre-­‐	  
and	  24	  ms	  post-­‐stimulus	  interval.	  All	  recordings	  were	  filtered	  with	  a	  10	  to	  5000	  Hz	  band-­‐pass	  filter.	  
The	  artifact	  rejection	  level	  was	  set	  at	  100	  μV,	  starting	  7	  ms	  after	  stimulus	  presentation.	  The	  artifact	  
rejection	  started	  with	  a	  7	  ms	  delay	  to	  avoid	  rejections	  due	  to	  the	  electrical	  stimulus	  artifact.	  	  
Results	  
Pitch	  and	  loudness	  balancing	  
Nine	   out	   of	   ten	   subjects	   were	   able	   to	   complete	   the	   pitch-­‐balancing	   task.	   Because	   subject	   N9	  
experienced	  severe	  difficulties	  with	  pitch	  balancing,	   the	   intra-­‐cochlear	  electrode	   that	  encodes	  500	  
Hz	  was	  selected	  in	  this	  subject.	  All	  participants	  successfully	  completed	  the	  loudness-­‐balancing	  task.	  
In	   two	   subjects	   (N1	   and	   N8),	   the	   pitch-­‐	   and	   loudness-­‐balanced	   bimodal	   stimulation	   resulted	   in	   a	  
fused	  auditory	  percept.	  	  
Auditory	  evoked	  potentials	  
Although	  monaural	  electrical	  stimulation	  elicited	  clear	  ABRs	  in	  all	  subjects,	  monaural	  acoustical	  ABRs	  
could	  only	  be	  obtained	  in	  three	  subjects	  (N3,	  N8,	  and	  N10).	  Figure	  2	  illustrates	  the	  ABRs	  of	  each	  of	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these	   subjects.	   Subject	   N3	   exhibited	   a	   bimodal	   ABR	   consisting	   of	   an	   electrical	   and	   acoustical	  
component.	  In	  subject	  N8,	  the	  electrical	  stimulation	  seems	  to	  elicit	  a	  myogenic	  artifact.	  This	  artifact	  
may	  be	  caused	  by	   facial	  nerve	  stimulation	  as	  slightly	  higher	  current	   levels	  elicited	  twitching	  of	   the	  
facial	  muscles.	   Subject	  N10	  shows	  a	  bimodal	  ABR	   that	  does	  not	   contain	  an	  acoustical	   component,	  
despite	  showing	  a	  clear	  monaural	  acoustical	  ABR.	  Note	  that	  this	  subject	  had	  monaural	  auditory	  input	  
early	  in	  life.	  
	  
Figure	  2:	  Monaural	  acoustical,	  monaural	  electrical,	  and	  bimodal	  ABRs	  in	  subjects	  N3,	  N8,	  and	  N10.	  The	  acoustical	  intensity	  
level,	  electrical	  current	  level,	  and	  pitch-­‐matched	  electrode	  are	  indicated	  in	  the	  upper	  right	  corner.	  dB	  SL:	  decibel	  sensation	  
level,	  CL:	  current	  level,	  e:	  electrode.	  
Discussion	  
To	  our	  knowledge,	  this	  is	  the	  first	  study	  that	  records	  ABRs	  to	  simultaneously	  presented	  electrical	  and	  
acoustical	   stimulation	   in	   bimodal	   CI-­‐users.	   This	   was	   accomplished	   by	   synchronizing	   the	   electrical	  
stimulation,	   acoustical	   stimulation,	   and	   the	   recording.	   Therefore,	   the	   CI-­‐software	   externally	  
triggered	  the	  evoked	  potentials	  equipment,	  including	  its	  build-­‐in	  audiostimulator.	  	  
Although	   the	   present	   study	   shows	   that	   bimodal	   ABRs	   can	   be	   recorded,	   several	   patient-­‐related	  
factors	  may	  affect	  the	  recording	  of	  these	  responses.	  First,	  facial	  nerve	  stimulation	  may	  occur	  when	  
high	   electrical	   current	   levels	   are	   required	   to	   balance	   the	   loudness	   of	   the	   electrical	   and	   acoustical	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stimulation.	   To	   record	   ABRs,	   low	   pulse	   rates	   are	   required.	   Hence,	   high	   current	   levels	   are	   often	  
required	   to	  match	   the	   loudness	   of	   the	   electrical	   stimulation	   to	   that	   of	   the	   acoustical	   stimulation.	  
These	   high	   current	   levels	   may	   cause	   a	   myogenic	   artifact,	   which	   may	   obscure	   the	   acoustical	  
component	  in	  the	  bimodal	  ABR.	  Second,	  the	  presence	  of	  the	  acoustical	  ABR	  depends	  on	  the	  degree	  
and	  configuration	  of	   the	  hearing	   loss	   in	   the	  non-­‐implanted	  ear.	  Despite	  using	   low-­‐frequency	   tone-­‐
bursts,	   subjects	  with	   clear	  monaural	   acoustical	   ABRs	   did	   not	   necessary	   have	  more	   low-­‐frequency	  
residual	  hearing.	   In	  contrast,	  subjects	  with	  present	  monaural	  acoustical	  ABRs	  revealed	  better	  high-­‐
frequency	   pure-­‐tone	   thresholds	   (Figure	   1).	   This	   finding	   may	   be	   explained	   by	   upward	   spread	   of	  
excitation.	   At	   high	   intensity	   levels,	   low-­‐frequency	   tone-­‐bursts	   do	   not	   only	   stimulate	   the	   low-­‐
frequency	  cochlear	  regions,	  but	  may	  also	  excite	  high-­‐frequency	  cochlear	  regions.	  
Hence,	  future	  studies	  may	  explore	  the	  value	  of	  this	  technique	  in	  subjects	  with	  more	  residual	  hearing,	  
ideally	   SSD	   CI-­‐users.	   These	   future	   studies	   should	   investigate	   whether	   the	   electrical	   stimulation	  
affects	   the	   acoustical	   response.	   Such	   an	   effect	  may	   have	   been	   observed	   in	   participant	   N10.	   This	  
subject	   showed	   a	   bimodal	   ABR	   that	   consistently	   resembled	   the	   monaural	   electrical	   ABR	   despite	  
showing	   a	   clear	  monaural	   acoustical	   ABR.	   It	   is	   also	   unclear	  whether	   the	   unilateral	   auditory	   input	  
early	   in	   life	   contributed	   to	   this	   result.	   Although	   the	   mechanisms	   underlying	   this	   finding	   are	   still	  
unclear,	   potential	   effects	   of	  masking,	   temporal	   integration,	   contralateral	   efferent	   suppression,	   or	  
refractoriness	  may	   have	   contributee	   to	   this	   finding.	  Moreover,	   future	   research	   should	   assess	   the	  
relationship	   between	   electrophysiological	   and	   behavioral	   data.	   The	   present	   technique	   provides	  
information	  about	  whether	  bimodal	  stimulation	  creates	  a	  subjectively	  fused	  auditory	  percept,	  which	  
was	  perceived	  by	  two	  subjects.	  Since	  bimodal	  ABRs	  provide	   information	  on	  binaural	   fusion,	   it	  may	  
provide	  a	   technique	   to	  assess	  whether	  aligning	   the	  electrical	  and	  acoustical	   response	  changes	   the	  
subjective	   perception.	   Psychoacoustic	   studies	   could	   compare	   ITD	   sensitivity	  with	   and	  without	   the	  
compensatory	  delay,	  as	  measured	  with	  the	  bimodal	  ABRs.	  	  
Conclusion	  
The	   current	   study	   shows	   that	   bimodal	   ABRs	   can	   be	   recorded.	   However,	   several	   patient-­‐related	  
factors	  hamper	  the	  recording	  of	  bimodal	  ABRs	   in	  subjects	  with	  substantial	  hearing	   loss	   in	  the	  non-­‐
implanted	  ear.	  Future	  studies	  may	  therefore	  include	  subjects	  with	  more	  residual	  hearing.	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Introduction	   A	   binaural	   interaction	   component	   has	   been	   derived	   from	   the	   auditory	   brainstem	  
response	   (ABR-­‐BIC)	   and	   is	   thought	   to	   reflect	   binaural	   interaction	   at	   the	   brainstem	   level.	   More	  
recently,	  binaural	  interaction	  components	  have	  been	  derived	  from	  the	  P300	  event-­‐related	  potential	  
(P300-­‐BIC).	   The	   P300	   recording	   paradigm	   is	   however	   rather	   complex	   and	   this	   hampers	   its	   clinical	  
utility.	  In	  this	  study,	  we	  use	  a	  simplified	  P300	  recording	  protocol.	  Furthermore,	  we	  assess	  the	  P300-­‐
BIC	  and	  discuss	  its	  interpretation.	  
Methods	  Twelve	  normal	  hearing	  young	  adults	   (five	  women,	   seven	  men)	  volunteered	   in	   the	   study.	  
Single-­‐channel	  P300	  ERPs	  were	  recorded.	  These	  responses	  were	  evoked	  using	  an	  oddball	  paradigm	  
with	   low-­‐frequency	   tonal	   contrasts.	   Three	   listening	   conditions	   were	   tested:	   monaural	   right,	  
monaural	   left,	   and	   binaural.	   The	   P300	   response	  was	   defined	   as	   the	   difference	  wave	  between	   the	  
responses	  to	  the	  standard	  and	  deviant	  stimuli.	  To	  assess	  the	  effect	  of	  the	  listening	  condition	  on	  the	  
P300	   latencies	   and	   amplitudes,	   repeated	   measures	   of	   ANOVA	   were	   performed.	   In	   addition,	   the	  
P300-­‐BIC	  was	   derived	   by	   subtracting	   the	   binaural	   P300	   response	   from	   the	   sum	  of	   both	  monaural	  
P300	  responses.	  	  
Results	  Repeated	  measures	  of	  ANOVA	  did	  not	  reveal	  a	  main	  effect	  of	  listening	  condition	  on	  the	  P300	  
latency	  (F(2,14)=1.085,	  p=0.365)	  or	  amplitude	  (F(2,14)=0.010,	  p=0.990).	  Consequently,	  the	  P300-­‐BIC	  
amplitude	  accounted	  for	  51%	  (SD	  9.2%)	  of	  the	  amplitude	  of	  the	  summed	  monaural	  responses.	  
Discussion	   The	   P300-­‐BIC	   amplitude	   accounts	   for	   about	   50%	   of	   the	   amplitude	   of	   the	   summed	  
monaural	   responses.	   This	   is	   because	   the	   monaural	   right,	   monaural	   left,	   and	   binaural	   stimulation	  
elicit	  similar	  P300	  ERPs.	  Traditionally,	  the	  presence	  of	  the	  P300-­‐BIC	  has	  been	  interpreted	  as	  evidence	  
for	  binaural	   interaction.	  However,	   these	   findings	  may	  also	   indicate	   that	  auditory	  processing	  at	   the	  
level	  of	  P300	  does	  not	  depend	  on	  the	  stimulation	  side	  (right,	  left,	  or	  binaural).	  	  
	   	  




Binaural	  hearing	  refers	  to	  the	  ability	  of	  the	  auditory	  system	  to	  analyze	  sounds	  arriving	  at	  both	  ears.	  
The	  brainstem	  is	  the	  first	  level	  at	  which	  the	  information	  from	  both	  ears	  is	  compared.	  Hence,	  binaural	  
interaction	  has	  been	  demonstrated	  in	  the	  auditory	  brainstem	  response	  (ABR).	  Binaural	  interaction	  in	  
the	  ABR	  is	  defined	  as	  any	  difference	  between	  the	  binaural	  ABR	  and	  the	  sum	  of	  the	  monaural	  ABRs	  of	  
either	  ear	  alone	  (Dobie	  &	  Berlin	  1979).	  The	  difference	  between	  the	  binaural	  and	  summed	  monaural	  
ABRs	   is	   usually	   visualized	   by	   computing	   a	   difference	   wave,	   called	   the	   'binaural	   interaction	  
component	   (BIC)’.	   Traditionally,	   the	  ABR-­‐BIC	   is	   computed	  by	   subtracting	   the	   sum	  of	   the	  monaural	  
responses	  from	  the	  binaural	  response	  (Dobie	  &	  Berlin	  1979,	  Dobie	  &	  Norton	  1980).	  However,	  some	  
researcher	   apply	   the	   inverse	   formula	   (e.g.	   Wrege	   &	   Starr	   1981).	   Although	   ABR-­‐BICs	   have	   been	  
studied	  extensively,	   the	  clinical	  utility	  of	   the	   technique	   is	   severely	  hampered	  by	   the	   low	  signal-­‐to-­‐
noise	   ratio	   of	   the	   responses.	   The	   amplitudes	   are	   typically	   small	   with	   studies	   reporting	   mean	  
amplitudes	   as	   small	   as	   0.2	   μV	   (Dobie	   &	   Norton	   1980,	   Jiang	   1996)	   In	   addition,	   the	   subtraction	  
paradigm	  is	  known	  to	  add	  noise	  to	  the	  derived	  waveform	  (Picton	  2011).	  
Binaural	   interaction	  components	  have	  also	  been	  derived	  from	  the	  middle	   latency	  responses	   (MLR-­‐
BICs)	  and	  late	  latency	  responses	  (LLR-­‐BICs).	  Generally,	  the	  BIC	  increases	  at	  the	  MLR	  and	  LLR	  relative	  
to	   the	   ABR.	   Binaural	   interaction	   in	   the	   ABR	   accounts	   for	   14	   to	   23%	   of	   the	   summed	   monaural	  
responses,	  whereas	  binaural	  interaction	  in	  the	  MLR	  and	  LLR	  is	  40	  to	  50%	  of	  the	  summed	  monaural	  
responses	   (Debruyne	   1984,	   McPherson	   &	   Starr	   1993).	   Recently,	   Henkin	   et	   al.,	   (2015)	   derived	   a	  
binaural	   interaction	   component	   from	   the	   cognitive	   P300	   event-­‐related	   potential	   (ERP).	   A	   further	  
increase	   in	  binaural	   interaction	  was	  observed	  with	   the	  P300-­‐BIC	  being	  about	  55%	  of	   the	   summed	  
monaural	  response.	  The	  relative	  increase	  of	  the	  BIC	  from	  the	  ABR	  to	  the	  LLR	  has	  been	  interpreted	  as	  
an	  increase	  of	  binaural	  interaction	  at	  later	  stages	  of	  auditory	  processing.	  	  
There	   is	   a	   growing	   interest	   for	   measures	   of	   binaural	   interaction	   given	   the	   growing	   number	   of	  
bilateral	   and	  bimodal	   CI-­‐users.	   As	   P300-­‐BICs	   show	  better	   SNRs	   than	  BICs	   in	   the	   earlier	   responses,	  
P300-­‐BICs	  may	  clinically	  be	  more	  useful.	  However,	  P300	  recording	  paradigms	  are	  often	  complicated.	  
The	  classical	  P300	   recording	  paradigm	   involves	  multichannel	   recordings,	  as	  well	   as	   the	  monitoring	  
and	  rejection	  of	  eye	  blinks.	  This	  study	  uses	  a	  simplified	  P300	  recording	  paradigm.	  Furthermore,	  we	  
assess	  the	  P300-­‐BIC	  and	  discuss	  its	  interpretation.	  	  
	  
	  





Twelve	  young	  adults	  (five	  women,	  seven	  men)	  aged	  18	  to	  30	  years	  (mean	  25.7,	  standard	  deviation	  
SD	  2.87)	  participated	  in	  this	  study.	  All	  subjects	  were	  free	  of	  known	  neurologic	  disorders,	  intellectual	  
disability,	  or	  psychiatric	  disorders.	  All	  participants	  were	  screened	  for	  normal	  hearing	  (i.e.	  ≤	  20	  dB	  HL	  
at	   the	  octave	   frequencies	   from	  250	  to	  8000	  Hz)	  and	  normal	  middle	  ear	   function	   (i.e.	  no	  history	  of	  
chronic	   ear	   disease,	   normal	   otoscopy	   and	   normal	   226	   Hz	   tympanometry).	   Interaural	   pure-­‐tone	  
threshold	   asymmetry	   was	  maximally	   10	   dB	   HL	   and	   this	   at	   no	  more	   than	   two	   octave	   frequencies	  
between	  250	  Hz	  and	  4000	  Hz.	  Testing	  was	  performed	  in	  a	  double-­‐walled	  sound-­‐proof	  room	  using	  a	  
PC-­‐based	   audiometer	   (Equinox	   2.0,	   Interacoustics,	   Assens,	   Denmark)	   with	   TDH39	   earphones	  
calibrated	   according	   to	   the	   6189	   ISO	   standards.	   This	   study	   was	   approved	   by	   the	   local	   Ethics	  
Committee.	  
Stimuli	  
Acoustic	   stimuli	   were	   delivered	   by	   the	   NeuroMEP	   audiostimulator	   through	   TIP300	   tubal	   insert	  
phones	  at	  an	  intensity	  level	  of	  65	  dB	  HL	  and	  a	  stimulation	  rate	  of	  0.6	  Hz.	  The	  stimuli	  were	  presented	  
in	  an	  oddball	  paradigm.	  The	  standard	  stimulus	  was	  an	  alternating	  620	  Hz	  tone-­‐burst	  (10	  ms	  rise/fall	  
time	  and	  70	  ms	  plateau);	  the	  deviant	  stimulus	  was	  an	  alternating	  250	  Hz	  tone-­‐burst	  (10	  ms	  rise/fall	  
time	   and	   70	   ms	   plateau).	   Deviant	   stimuli	   did	   not	   occur	   consecutively.	   The	   probabilities	   of	   the	  
standard	   and	   deviant	   stimulus	   were	   respectively	   0.85	   and	   0.15.	   At	   least	   25	   deviant	   stimuli	   were	  
presented	  in	  each	  recording.	  
Procedure	  
The	  electrophysiological	  measures	  were	  performed	   in	   a	  double-­‐walled	   soundproof	   room	  with	   low	  
reverberation.	  Cognitive	  P300	  auditory	  event-­‐related	  potentials	  were	  recorded	  using	  the	  Neurosoft	  
NeuroSpectrum	  5	   (Ivanovo,	  Russia).	  To	   improve	   the	  clinical	  utility	  of	   the	   technique,	   single-­‐channel	  
recordings	  were	  performed.	   Previous	   research	   shows	   that	   P300	   ERPs	   are	   largest	   at	   the	  Cz	   and	  Pz	  
region	   (Picton	   1992).	   The	   active	   electrode	  was	   therefore	   placed	   at	   Cz.	   The	   reference	   and	   ground	  
electrodes	  were	  placed	  at	  the	  nose	  and	  Fpz,	  respectively.	  Electrode	  and	  inter-­‐electrode	  impedances	  
were	  less	  than	  5	  and	  3	  kΩ,	  respectively.	  Responses	  were	  filtered	  online	  using	  a	  0.50	  to	  75	  Hz	  band-­‐
pass	   filter.	   In	   addition,	   a	   50	  Hz	   notch	   filter	  was	   used	   to	  minimize	   line-­‐interference.	   The	   recording	  
window	   comprised	   a	   100	   ms	   pre-­‐stimulus	   baseline	   and	   a	   1000	   ms	   post-­‐stimulus	   epoch	   with	   a	  
resolution	  of	  1000	  Hz.	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Subjects	  were	  tested	  in	  one	  session.	  P300	  auditory	  ERPs	  were	  recorded	  in	  three	  listening	  conditions:	  
monaural	   left,	  monaural	   right,	  and	  binaural	   stimulation.	  Each	   listening	  condition	  was	   tested	  twice.	  
The	  listening	  conditions	  were	  tested	  in	  a	  random	  order	  to	  parse	  out	  effects	  of	  fatigue.	  For	  the	  same	  
reason,	   breaks	  were	  provided	   in	  between	   the	  different	   recordings.	   Rather	   than	   recording	   the	  eye	  
blinks,	  artifacts	  due	  to	  eye	  blinks	  were	  avoided	  by	  instructing	  the	  subjects	  to	  close	  their	  eyes	  during	  
the	  recording	  (Groenen	  et	  al.	  2001).	  Subjects	  were	  asked	  to	  count	  the	  amount	  of	  deviant	  stimuli.	  	  
Analysis	  	  
Several	   analyses	   were	   performed	   offline.	   First,	   artifact	   rejection	   was	   applied	   using	   an	   artifact	  
rejection	   level	   of	   100	  μV.	   Second,	   the	   responses	  were	   filtered	   offline	   using	   a	   12	  Hz	   second	  order	  
Butterworth	   low-­‐pass	   filter.	   Third,	   the	   reproducibility	   of	   the	   responses	   was	   visuallly	   assessed.	  
Fourth,	   the	   reproductions	  were	  averaged	   for	  each	   listening	   condition.	  Unless	  otherwise	   indicated,	  
further	  analyses	  were	  based	  on	  these	  average	  responses.	  
The	  cognitive	  P300	  ERP	  was	  defined	  as	  the	  difference	  wave	  between	  the	  responses	  to	  the	  standard	  
and	  deviant	   stimuli.	   From	   this	   P300	   ERP,	   the	  P300-­‐BIC	  was	  derived.	   The	  P300-­‐BIC	  was	  derived	  by	  
subtracting	  the	  binaural	  P300	  ERP	  from	  the	  sum	  of	  both	  monaural	  P300	  ERPs.	  After	  computing	  these	  
responses,	  P300	  and	  P300-­‐BIC	  latencies	  and	  amplitudes	  were	  determined.	  Latencies	  were	  defined	  as	  
the	   time	   from	   the	   stimulus	  onset	   to	   the	  most	  positive	  point	  of	   the	  peak	  of	   interest.	  Peak-­‐to-­‐peak	  
amplitudes	   were	   measured	   from	   the	   most	   positive	   peak	   to	   the	   trough	   following	   it.	   Repeated	  
measures	   of	   ANOVA	  were	   performed	   to	   assess	   the	   effect	   of	   the	   listening	   condition	   on	   the	   P300	  
latencies	  and	  amplitudes.	  For	  all	   statistical	  analysis,	  p-­‐values	   less	   than	  0.05	  were	  considered	   to	  be	  
significant.	  
Results	  
Figure	  1	  illustrates	  ERPs	  to	  the	  standard	  and	  deviant	  stimuli	  and	  this	  for	  each	  listening	  condition.	  The	  
cognitive	   P300	   ERP	   of	   this	   particular	   subject	   is	   shown	   in	   Figure	   2.	   Figure	   2	   shows	   clear	   and	  
reproducible	   P300	   ERPs	   in	   all	   listening	   conditions.	   Note	   that	   the	   binaural	   response	   shows	   a	  
sinusoidal	  waveform	  with	  a	   frequency	  of	  about	  10	  Hz,	  most	   likely	  alpha	  rhythm.	  These	  oscillations	  
hampered	  the	  interpretation	  in	  five	  out	  of	  the	  36	  recordings,	  i.e.	  the	  right	  response	  of	  subject	  #1,	  all	  
three	  responses	  of	  subject	  #4,	  and	  the	  binaural	  response	  of	  subject	  #11.	  In	  all	  other	  subjects,	  robust	  
P300	  ERPs	  were	  obtained	  in	  all	  listening	  conditions.	  The	  characteristics	  of	  these	  robust	  responses	  are	  
summarized	  in	  Table	  1.	  	  




Figure	  1:	  ERPs	  to	  the	  standard	  and	  deviant	  stimuli	  for	  each	  listening	  condition	  in	  one	  participant	  
	  
Figure	  2:	  The	  cognitive	  P300	  ERP	  in	  one	  participant.	  The	  grey	  lines	  show	  the	  two	  P300	  ERP	  recordings;	  the	  black	  lines	  show	  
the	  averaged	  P300	  ERPs.	  	  
	  
	  
Table	  1:	  Latencies	  and	  amplitudes	  of	  P300	  ERP	  for	  each	  listening	  condition	  
	  
Table	  1	  shows	  the	   latencies	  and	  amplitude	  of	  the	  P300	  ERP	  for	  each	   listening	  condition.	  Note	  that	  
the	   right	   response	   of	   subject	   #1,	   all	   three	   responses	   of	   subject	   #4,	   and	   the	   binaural	   response	   of	  
subject	  #11	  were	  excluded.	  Table	  1	   reveals	   that	   the	   latencies	  and	  amplitude	  of	   the	   responses	  are	  
similar	  for	  each	  listening	  condition.	  Visual	  assessment	  of	  the	  individual	  P300	  ERPs	  also	  reveals	  that	  
the	  responses	  are	  similar	  across	  the	  listening	  conditions.	  There	  was	  only	  one	  subject	  in	  whom	  a	  large	  
difference	  between	  the	  listening	  conditions	  was	  observed,	  i.e.	  subject	  #2.	  In	  this	  particular	  subject,	  
the	  listening	  conditions	  were	  presented	  in	  the	  following	  order:	  binaural,	  right,	  and	  left	  stimulation.	  
Figure	   3	   shows	   that	   the	   P300	   ERPs	   of	   subject	   #2	   deteriorated	   as	  more	   listening	   conditions	   were	  
tested.	  	  




Figure	   3:	   The	  P300	  ERP	  of	   subject	   #2.	   The	  P300	  ERP	  of	   this	   subject	  
deteriorated	  as	  more	  listening	  conditions	  were	  tested.	  	  
To	   assess	   the	   effect	   of	   the	   listening	   condition	   on	   the	   P300	   latencies	   and	   amplitudes,	   repeated	  
measures	  ANOVA	  were	  performed.	  This	  analysis	  can	  only	  be	  performed	  in	  those	  subjects	  who	  have	  
present	  and	  reliable	  responses	  for	  each	  listening	  condition.	  Hence,	  subjects	  #1,	  #2,	  #4,	  and	  #11	  were	  
excluded	   from	  the	  analysis.	  The	  analysis	  did	  not	   reveal	  a	  main	  effect	  of	   listening	  condition	  on	   the	  
P300	  latency	  (F(2,14)=1.085,	  p=0.365).	  Neither	  did	  it	  reveal	  a	  significant	  main	  effect	  of	  the	  listening	  
condition	  on	  the	  P300	  amplitude	  (F(2,14)=0.010,	  p=0.990).	  
Figure	   4	   shows	   an	   example	  of	   a	   P300-­‐BIC.	   The	   characteristics	   of	   the	   summed	  monaural,	   binaural,	  
and	  P300-­‐BIC	  responses	  are	  tabulated	  in	  Table	  2.	  The	  amplitude	  of	  the	  summed	  monaural	  responses	  
is	  twice	  the	  amplitude	  of	  the	  binaural	  response.	  Hence,	  the	  P300-­‐BIC	  amplitude	  accounted	  for	  51%	  
(SD	  9.2%)	  of	  the	  amplitude	  of	  the	  summed	  monaural	  responses.	  	  
	  
Figure	   4:	   The	   P300-­‐BIC	   of	   one	   participant.	   The	   grey	   lines	   show	   the	   two	   P300	   ERP	   recordings;	   the	   black	   lines	   show	   the	  
averaged	  P300	  ERPs.	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Table	  2:	  Characteristics	  of	  the	  summed	  monaural,	  binaural,	  and	  P300-­‐BIC	  responses	  
	  
Discussion	  
The	   present	   study	   used	   a	   simplified	   P300	   recording	   paradigm	   to	   derive	   P300-­‐BICs.	   In	   order	   to	  
facilitate	  the	  P300	  recording	  paradigm,	  single-­‐channel	  P300	  were	  obtained	  and	  eye	  blinks	  were	  not	  
recorded.	  To	  avoid	  eye	  blinks,	  the	  participants	  were	  asked	  to	  close	  their	  eyes	  during	  the	  recording.	  
The	   advantage	   of	   this	   recording	   paradigm	   is	   that	   it	   is	   clinically	   more	   useful.	   However,	   the	  
disadvantage	  is	  that	  closing	  the	  eyes	  enhances	  alpha	  rhythm.	  Alpha	  rhythm	  additionally	  increases	  as	  
subjects	   become	   drowsier.	   It	   is	   therefore	   essential	   to	   provide	   breaks	   in	   between	   the	   recordings.	  
Despite	   providing	   sufficient	   breaks,	   alpha	   rhythm	   was	   still	   problematic	   in	   three	   out	   of	   twelve	  
participants.	   Future	   research	   may	   reduce	   alpha	   rhythm	   by	   jittering	   the	   stimulus	   presentation.	  
Jittering	   the	   stimulus	   presentation	   lowers	   alpha	   rhythm	   for	   two	   reasons.	   Firstly,	   it	   makes	   the	  
stimulus	   presentation	   more	   unpredictable	   and	   hence	   subjects	   are	   less	   drowsy.	   Secondly,	   alpha	  
rhythm	  is	  partially	  cancelled	  out	  during	  the	  averaging	  processing,	  because	  the	  onset	  of	  the	  P300	  ERP	  
is	  random	  with	  respect	  to	  the	  phase	  of	  the	  alpha	  wave	  (Talsma	  &	  Woldorff,	  2005).	  
Another	  factor	  that	  should	  be	  taken	  into	  account	  when	  recording	  P300	  ERPs	  is	  fatigue.	  The	  effects	  of	  
fatigue	  can	  be	  limited	  in	  an	  experimental	  setup	  by	  counterbalancing	  the	  listening	  conditions	  across	  
subjects.	   However,	   as	   observed	   in	   subject	   #2,	   effects	   of	   fatigue	   may	   hamper	   within-­‐subject	  
comparisons.	   To	   avoid	   fatigue,	   it	   is	   again	   important	   to	   provide	   breaks	   in	   between	   the	   recording	  
conditions.	  If	  many	  conditions	  are	  tested,	  several	  test	  sessions	  may	  be	  required.	   
Besides	  exploring	  the	  utility	  of	  a	  simplified	  P300	  recording	  paradigm,	  the	  current	  study	  also	  aimed	  at	  
assessing	  the	  utility	  of	  the	  P300-­‐BIC	  as	  a	  measure	  of	  binaural	  interaction.	  The	  most	  important	  finding	  
is	  that	  there	  are	  no	  differences	  between	  the	  monaural	  right,	  monaural	  left,	  and	  binaural	  P300	  ERP.	  
Not	  surprisingly,	  the	  difference	  wave	  –	  referred	  to	  as	  the	  P300-­‐BIC	  –	  accounts	  for	  51%	  (SD	  9.2%)	  of	  
the	  amplitude	  of	  the	  summed	  monaural	  responses.	  This	  is	  considerably	  larger	  than	  the	  ABR-­‐BIC.	  Also	  
the	  absolute	  P300-­‐BIC	  amplitudes	  are	  considerably	   larger	  than	  those	  of	  the	  ABR-­‐BIC.	  Although	  this	  
increases	   the	  detectability	  of	   the	  BIC,	   the	   interpretation	  of	   the	  P300-­‐BIC	  as	  a	  measure	  of	  binaural	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interaction	  remains	  difficult.	  Several	  classifications	  have	  been	  used	  to	  interpret	  binaural	  interaction	  
in	  cortical	  responses.	  One	  interpretation	  uses	  a	  classification	  that	  is	  applied	  in	  near-­‐field	  measures	  of	  
binaural	   interaction,	   i.e.	   (1)	   summation	   occurs	   if	   the	   binaural	   response	   is	   greater	   than	   either	   ear	  
alone,	   (2)	   suppression	   occurs	   if	   the	   binaural	   response	   is	   smaller	   than	   the	   dominant	   monaural	  
response,	  (3)	  occlusion	  occurs	  if	  the	  binaural	  response	  is	  equal	  to	  the	  dominant	  monaural	  response.	  
This	  classification	  was,	  for	  instance,	  used	  by	  Lavikainen	  et	  al.	  (1997)	  	  to	  classify	  binaural	  interaction	  
in	   the	   earlier	   cortical	   potentials.	   A	   problem	  with	   this	   interpretation	   is	   that	   cortical	   potentials	   are	  
volume-­‐conducted	  potentials	   of	   the	   summed	  activity	  of	   a	   large	  number	  of	   neurons	   and	   therefore	  
provide	   limited	   information	   regarding	   the	   relative	   contributions	   of	   neurons.	   As	   an	   alternative,	  
Henkin	   et	   al.	   (2015)	   suggested	   the	   use	   of	   the	   P300-­‐BIC	   as	   a	   measure	   of	   binaural	   interaction.	  
Although	  the	  P300-­‐BIC	  might	  represent	  binaural	   interaction	  at	  higher	  levels	  of	  auditory	  processing,	  
the	  observation	  that	  the	  binaural	  response	  equals	  either	  monaural	  response	  alone	  may	  also	  indicate	  
that	  responses	  to	  either	  or	  both	  ears	  are	  processed	  equally	  (Picton	  2011).	  Hence,	  it	  may	  well	  be	  that	  
the	  P300-­‐BIC	  does	  not	  represent	  binaural	  interaction.	  Because	  the	  interpretation	  of	  the	  P300-­‐BIC	  is	  
still	  unclear,	  future	  research	  may	  focus	  on	  more	  direct	  measures	  of	  binaural	  processing.	  	  
Conclusions	  
Monaural	  right,	  monaural	  left,	  and	  binaural	  stimulation	  elicit	  similar	  P300	  ERPs.	  Although	  this	  results	  
in	  a	  large	  P300-­‐BIC,	  the	  interpretation	  of	  this	  BIC	  is	  still	  unclear.	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3.2	  	   The	  P300	  auditory	  event-­‐related	  potential	  in	  bimodal	  
listeners:	  a	  method	  to	  assess	  the	  benefit	  of	  wearing	  a	  
contralateral	  hearing	  aid?	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Objective	  Bimodal	  hearing	  is	  standardly	  recommended	  in	  adult	  cochlear	  implant	  (CI)	  users	  who	  have	  
contralateral	  residual	  hearing.	  Although	  this	  usually	  improves	  CI-­‐performance,	  there	  is	  a	  large	  inter-­‐
subject	  variability	  in	  the	  outcome	  with	  bimodal	  hearing.	  This	  outcome	  variability	  impedes	  clinicians	  
to	  provide	  evidence-­‐based	  recommendations	  regarding	  post-­‐operative	  hearing	  aid	  use.	  Hence,	  there	  
is	  a	  need	  for	  techniques	  to	  assess	  the	  benefit	  from	  wearing	  a	  contralateral	  hearing	  aid.	  The	  present	  
study	  explores	  whether	   the	  benefit	   from	  contralateral	  hearing	  aid	  use	  can	  be	  measured	  using	   the	  
P300	  auditory	  event-­‐related	  potential	  (ERP).	  
Design	   P300	   ERPs	   were	   evoked	   using	   an	   oddball	   paradigm	   consisting	   of	   a	   low-­‐frequency	   tonal	  
contrast.	  Subjects	  counted	  the	  amount	  of	  deviant	  stimuli.	  The	  accuracy	  of	  the	  stimulus	  count	  served	  
as	  a	  measure	  of	  behavioral	  performance.	  	  
Study	  sample	  Five	  adult	  bimodal	  listeners.	  	  
Results	  In	  four	  out	  of	  five	  participants,	  the	  P300	  ERPs	  improved	  in	  bimodal	  versus	  CI-­‐only	  listening.	  
The	  subject	  with	  the	  largest	  improvement	  in	  the	  P300	  ERP	  showed	  the	  largest	  improvement	  on	  the	  
behavioral	  task.	  	  
Conclusions	   These	   preliminary	   data	   suggest	   that	   the	   P300	   ERP	   may	   be	   a	   valuable	   technique	   to	  
objectify	  the	  benefit	  of	  wearing	  a	  contralateral	  hearing	  aid	  in	  bimodal	  CI-­‐users.	  
Keywords	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Cochlear	  implantation	  has	  been	  the	  standard	  treatment	  for	  bilateral	  severe-­‐to-­‐profound	  hearing	  loss	  
for	   over	   two	   decades.	   Continuous	   advances	   in	   cochlear	   implant	   (CI)	   technology	   have	   led	   to	   a	  
relaxation	   of	   the	   implantation	   criteria.	   Consequently,	   a	   growing	   amount	   of	   CI-­‐users	   have	   residual	  
hearing	   in	   the	   non-­‐implanted	   ear	   (review	   Arnoldner	   &	   Lin	   2013).	   These	   patients	   are	   standardly	  
recommended	  to	  wear	  a	  contralateral	  hearing	  aid	  (Ching	  et	  al.	  2004).	  The	  combination	  of	  electrical	  
stimulation	  in	  one	  ear	  and	  acoustical	  stimulation	  in	  the	  other	  ear	  is	  called	  bimodal	  hearing.	  	  
Bimodal	  hearing	  generally	  improves	  music	  perception	  (Crew	  et	  al.	  2015,	  El	  Fata	  et	  al.	  2009,	  Kong	  et	  
al.	  2005)	  and	  speech	  perception	  in	  noise	  (Ching	  et	  al.	  2004,	  Crew	  et	  al.	  2015,	  Dunn	  et	  al.	  2005,	  Potts	  
et	  al.	  2009,	  Tyler	  et	  al.	  2002).	  These	  benefits	  mainly	   result	   from	  the	   low-­‐frequency	   temporal	   fine-­‐
structure	   information	   provided	   by	   the	   acoustical	   stimulation	   (review	   van	   Hoesel	   2012).	   Low-­‐
frequency	  temporal	  fine-­‐structure	  information	  is	  known	  to	  contribute	  to	  pitch	  perception	  (Smith	  et	  
al.	  2002),	  which	   in	  turn	   is	  essential	   for	  music	  perception	  (review	  McDermott	  &	  Oxenham	  2008).	   In	  
addition,	   pitch	   perception	   aids	   to	   segregate	   competing	   voices	   and	   thereby	   enhances	   speech	  
understanding	  in	  noise	  (Brokx	  &	  Nooteboom	  1982).	  	  
Despite	   these	   advantages,	   there	   is	   a	   large	   inter-­‐subject	   variability	   in	   the	   outcome	   with	   bimodal	  
hearing.	  While	  most	  CI-­‐recipients	  benefit	   from	  wearing	  a	  contralateral	  hearing	  aid,	  others	  seem	  to	  
perform	  worse	   in	  bimodal	  compared	  to	  CI-­‐only	   listening	  (Dunn	  et	  al.,	  2005,	  Mok	  et	  al.,	  2006).	  This	  
unexplained	   outcome	   variability	   impedes	   clinicians	   to	   provide	   evidence-­‐based	   recommendations	  
regarding	  post-­‐operative	  hearing	  aid	  use.	  Hence,	  there	  is	  a	  need	  for	  techniques	  to	  assess	  the	  benefit	  
of	  wearing	  a	  contralateral	  hearing	  aid.	  	  
Based	   on	   the	   assumption	   that	   auditory	   performance	   largely	   depends	   on	   the	   individual’s	   central	  
auditory	   processing	   capacities,	   there	   is	   an	   increasing	   interest	   in	   cortical	   auditory	   event-­‐related	  
potentials	   (ERPs).	   Cortical	   auditory	   ERPs	   are	   scalp-­‐potentials	   from	   the	   cortex	   that	   are	   phase-­‐	   and	  
time-­‐locked	  to	  an	  auditory	  event,	  such	  as	  the	  presentation	  of	  clicks,	  tone-­‐bursts,	  or	  speech	  stimuli.	  
These	  auditory	  events	  elicit	  an	  exogenous	  P1-­‐N1-­‐P2	  complex,	  which	  reflects	  the	  encoding	  of	  sound	  
at	   the	   cortical	   level	   (review	   Martin	   et	   al.	   2008).	   The	   term	   ‘exogenous’	   indicates	   that	   the	  
characteristics	  of	  the	  P1-­‐N1-­‐P2	  components	  are	  mainly	  determined	  by	  the	  physical	  properties	  of	  the	  
stimulus.	   In	   contrast,	   endogenous	   ERPs	   primarily	   depend	   on	   the	   listener’s	   attention	   and	   attitude	  
towards	  the	  stimulus	  (Sutton	  et	  al.	  1965).	  Endogenous	  ERPs	  are	  traditionally	  evoked	  by	  an	  oddball	  
paradigm	  in	  which	  an	  infrequently	  occurring	  deviant	  stimulus	  is	  embedded	  in	  a	  series	  of	  frequently	  
occurring	   standard	   stimuli	   (Ritter	  &	   Vaughan	   1969).	   In	   listeners	  who	   are	   instructed	   to	   detect	   the	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deviant	  stimuli,	  the	  ERP	  to	  the	  deviant	  stimuli	  contains	  an	  exogenous	  P1-­‐N1-­‐P2	  complex,	  followed	  by	  
an	  endogenous	  P300	  auditory	  ERP.	  The	  P300	  auditory	  ERP	  –	  also	  referred	  to	  as	  P3	  or	  P3b	  –	  reflects	  
cognitive	  processing	  that	  involves	  auditory	  discrimination,	  selective	  atttention,	  and	  working	  memory	  
(review	  Polich	  2007).	  The	  latency	  of	  the	  P300	  ERP	  is	  related	  to	  the	  speed	  of	  information	  processing,	  
which	  seems	   to	  depend	  on	   the	  subject’s	   cognitive	  capacities	  and	   the	   task	  demands	  (review	  Polich	  
2007).	   Earlier	   research	   indeed	   shows	   that	   more	   difficult	   discrimination	   tasks	   require	   longer	  
processing	  times	  (e.g.	  Donchin	  &	  Coles	  1988,	  Kutas	  et	  al.	  1977,	  Parasuraman	  &	  Beatty	  1980,	  Ritter	  et	  
al.	   1972).	   The	  P300	   amplitudes	   are	  more	  difficult	   to	   interpret	   as	   amplitudes	   vary	   as	   a	   function	  of	  
several	   factors.	   Despite	   the	   controversy	   regarding	   the	   psychophysiological	   correlates	   of	   the	   P300	  
amplitude,	   there	   is	   ample	   evidence	   that	   the	   P300	   amplitude	   decreases	   as	   the	   task	   difficulty	  
increases	  (e.g.	  Parasuraman	  &	  Beatty	  1980).	  Sounds	  that	  are	  more	  difficult	  to	  discriminate	  increase	  
the	   subject’s	   uncertainty	   about	   having	   correctly	   detected	   the	   deviant	   stimuli.	   The	   listener’s	  
uncertainty	  about	   the	   target	  detection	   is	   reflected	   in	  an	  amplitude	  reduction	   (Hillyard	  et	  al.	  1971,	  
Squires	   et	   al.	   1973,	   Sutton	   et	   al.	   1965).	   Hence,	   the	   P300	   amplitude	   has	   often	   been	   used	   as	   a	  
measure	  of	  central	  processing	  capacity.	  	  	  
Iwaki	   et	   al.	   (2004)	   and	   Sasaki	   et	   al.	   (2009)	  used	   cortical	   auditory	   ERPs	   to	   assess	   the	   advantage	  of	  
bimodal	   hearing.	   The	   latency	   of	   the	   exogenous	   N1	   component	   was	   not	   affected	   by	   the	   listening	  
condition	   (Sasaki	   et	   al.	   2009),	   whereas	   the	   P300	   latency	   was	   significantly	   shorter	   in	   bimodal	  
compared	  to	  CI-­‐only	  listening	  (Iwaki	  et	  al.	  2004,	  Sasaki	  et	  al.	  2009).	  A	  potential	  explanation	  for	  this	  
results	  is	  that	  sound	  is	  properly	  encoded	  at	  the	  cortical	  level	  in	  both	  listening	  conditions.	  However,	  
the	  processing	  time	  that	  is	  required	  to	  perform	  the	  discrimination	  task	  is	  shorter	  in	  bimodal	  than	  CI-­‐
only	   listening.	   These	   results	   seem	   to	   indicate	   that	   the	   P300	   ERP	  may	  provide	   a	   technique	   to	   gain	  
insight	  into	  subtle	  benefits	  of	  bimodal	  hearing,	  such	  as	  information	  processing	  time.	  Unfortunately,	  
these	  previous	  studies	  reported	  little	  or	  no	  results	  on	  the	  P300	  morphology	  and	  amplitude	  (Iwaki	  et	  
al.	  2004,	  Sasaki	  et	  al.	  2009).	  Another	  limitation	  is	  that	  the	  individual	  data	  were	  not	  reported	  (Iwaki	  et	  
al.	  2004,	  Sasaki	  et	  al.	  2009).	  It	  is,	  therefore,	  still	  unclear	  whether	  the	  P300	  ERP	  can	  be	  used	  to	  assess	  
individual	  benefit	  of	  bimodal	  hearing.	  	  
The	  aim	  of	  the	  present	  study	  is	  twofold.	  The	  first	  goal	  is	  to	  assess	  whether	  the	  P300	  ERP	  can	  provide	  
insight	  into	  the	  central	  auditory	  processing	  underlying	  bimodal	  hearing.	  Unlike	  previous	  studies,	  we	  
use	  a	  more	  holistic	  approach	   in	  which	  P300	  morphology,	   latencies,	   and	  amplitudes	  are	  examined.	  
The	  second	  goal	  of	  this	  study	  is	  to	  explore	  the	  potential	  use	  of	  the	  P300	  auditory	  ERP	  as	  a	  technique	  
to	  objectively	  assess	   individual	  benefit	  of	  wearing	  a	  contralateral	  hearing	  aid.	  Therefore,	  this	  study	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investigates	   individual	   P300	   ERPs	   and	   compares	   these	   electrophysiological	   data	  with	   the	   subjects’	  
performance	  on	  a	  related	  behavioral	  task.	  	  
Methods	  
Subjects	  
Five	  adult	  bimodal	  listeners	  were	  included	  in	  the	  study.	  Demographic	  information	  is	  listed	  in	  Table	  1.	  
All	  participants	  had	  contralateral,	  but	  no	  ipsilateral	  residual	  hearing.	  Furthermore,	  all	  subjects	  were	  
free	  of	  known	  neurologic	  disorders,	   intellectual	  disabilities,	  or	  psychiatric	  disorders.	  The	  study	  was	  
approved	  by	  the	  local	  Ethics	  Committee.	  
Table	  1:	  Participants’	  demographics	  
	  
Electrophysiological	  measures	  
The	  electrophysiological	  measures	  were	  performed	   in	  a	   soundproof	   room	  with	   low	   reverberation.	  
Acoustical	   stimuli	  were	  presented	   through	  a	   loudspeaker	  placed	  at	  1m	   in	   front	  of	   the	  participant.	  
The	   intensity	  of	   the	   stimuli	  was	  65	  dB	  SPL	  at	   the	   subject’s	  position	  as	  measured	  with	  a	  Bruel	   and	  
Kjaer	  2203	  sound	   level	  meter.	  Since	  bimodal	   listeners	  are	  expected	  to	  benefit	   from	   low-­‐frequency	  
fine-­‐structure	  information,	  a	  low-­‐frequency	  discrimination	  task	  was	  selected.	  The	  standard	  stimulus	  
was	  an	  alternating	  500	  Hz	  tone-­‐burst	  (10	  ms	  rise/fall	  time	  and	  60	  ms	  plateau);	  the	  deviant	  stimulus	  
was	  an	  alternating	  250	  Hz	  tone-­‐burst	  (10	  ms	  rise/fall	  time	  and	  60	  ms	  plateau).	  The	  probabilities	  of	  
the	   standard	  and	  deviant	   stimulus	  were	  0.85	  and	  0.15,	   respectively.	  Deviant	   stimuli	  did	  not	  occur	  
consecutively.	  At	  least	  25	  deviant	  stimuli	  were	  presented	  for	  each	  recording.	  
P300	  ERPs	  were	  recorded	  using	  the	  Medelec	  Synergy	  with	  software	  version	  14	  (Oxford	  Instruments,	  
Oxfordshire,	  UK).	  A	  typical	  P300	  recording	  paradigm	  involves	  multichannel	  recordings,	  as	  well	  as	  the	  
monitoring	  of	  eye	  blinks	  (Duncan	  et	  al.	  2009).	  However,	  to	  improve	  the	  clinical	  utility	  of	  the	  test,	  we	  
used	  a	  simplified	  P300	  recording	  paradigm	  which	  was	  adapted	  from	  Groenen	  et	  al.	  (2001).	  As	  in	  the	  
latter	  study,	  we	  recorded	  single-­‐channel	  P300	  ERPs.	  Disposable	  electrodes	  were	  placed	  at	  the	  vertex	  
(active	  electrode),	  tip	  of	  the	  nose	  (reference	  electrode),	  and	  cheek	  (ground	  electrode).	  Impedances	  
and	  inter-­‐electrode	  impedances	  were	  less	  than	  respectively	  5	  kΩ	  and	  3	  kΩ.	  Responses	  were	  filtered	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online	  using	  a	  0.1	  to	  50	  Hz	  band-­‐pass	  filter.	  The	  recording	  window	  comprised	  a	  pre-­‐stimulus	  baseline	  
of	  200	  ms	  and	  a	  800	  ms	  post-­‐stimulus	  epoch	  with	  a	   resolution	  of	  1000	  Hz.	  Artifact	   rejection	   level	  
was	  set	  at	  100	  μV.	  To	  avoid	  artifacts	  due	  to	  eye	  blinks,	  subjects	  were	  instructed	  to	  close	  their	  eyes	  
during	  the	  recording	  (Groenen	  et	  al.	  2001).	  The	  advantage	  of	  closing	  the	  eyes	  is	  that	  it	  improves	  the	  
clinical	   utility;	   the	   disadvantage	   is	   that	   it	   may	   enhance	   unwanted	   alpha	   rhythm.	   However,	   to	  
minimize	  alpha	  rhythm,	  we	   jittered	  the	  stimulus	  presentation.	  More	  specifically,	   the	   inter-­‐stimulus	  
interval	  was	  randomly	  roved	  at	  1.67s	  ±	  10%.	  Jittering	  the	  stimulus	  presentation	  lowers	  alpha	  rhythm	  
for	   two	   reasons.	   First,	   it	  makes	   the	   stimulus	  presentation	  more	  unpredictable	   and	  hence	   subjects	  
are	   less	   drowsy.	   Second,	   alpha	   rhythm	   is	   partially	   cancelled	   out	   during	   the	   averaging	   processing,	  
because	  the	  onset	  of	  the	  P300	  ERP	  is	  random	  relative	  to	  the	  phase	  of	  the	  alpha	  wave	  (Talsma	  and	  
Woldorff	  2005).	  
All	  subjects	  were	  tested	  in	  one	  session.	  To	  assess	  the	  benefit	  of	  the	  acoustical	  auditory	  input,	  P300	  
ERPs	   were	   recorded	   in	   two	   listening	   conditions:	   CI-­‐only	   (CI	   and	   contralateral	   ear	   plugged)	   and	  
bimodal	  listening	  (CI	  and	  contralateral	  hearing	  aid).	  These	  listening	  conditions	  were	  counterbalanced	  
to	   prevent	   confounding	   factors,	   such	   as	   fatigue,	   to	   affect	   the	   data.	   In	   addition,	   fatigue	   was	  
minimized	  by	  providing	  breaks	  in	  between	  the	  recordings.	  Each	  listening	  condition	  was	  tested	  twice.	  	  
Behavioral	  measures	  
Before	  starting	  the	  electrophysiological	  testing,	  interaural	  loudness	  was	  balanced	  for	  250	  and	  500	  Hz	  
at	   the	   patient’s	   most	   comfortable	   loudness	   level	   (MCL).	   During	   the	   electrophysiological	   testing,	  
subjects	  mentally	  counted	  the	  amount	  of	  deviant	  stimuli.	  The	  result	  of	  the	  stimulus	  count	  was	  noted	  
after	   each	   recording.	   The	   accuracy	   of	   the	   stimulus	   count	   served	   as	   a	   measure	   of	   behavioral	  
performance.	  	  
Data	  analysis	  
Offline	  processing	  was	  performed	  using	  MATLAB	  version	  8.6	  (The	  Mathworks,	  Nantucket).	  First,	  the	  
P300	  ERPs	  were	  obtained	  by	  computing	  the	  difference	  wave	  between	  the	  responses	  to	  the	  standard	  
and	   deviant	   stimuli.	   Second,	   all	   recordings	   were	   offline	   filtered	   with	   a	   12	   Hz	   second	   order	  
Butterworth	  low-­‐pass	  filter	  (Duncan	  et	  al.	  2009).	  Third,	  the	  reproducibility	  of	  the	  cognitive	  P300	  ERP	  
was	  visually	  assessed.	  Fourth,	  the	  reproductions	  were	  averaged	  for	  each	   listening	  condition.	  These	  
average	   waveforms	   were	   used	   to	   determine	   the	   P300	   latencies	   and	   amplitudes.	   Latencies	   were	  
defined	  as	  the	  time	  from	  the	  stimulus	  onset	  to	  the	  most	  positive	  peak	  in	  the	  range	  between	  200	  and	  
400	  ms	   (Hall	   2007).	   Peak-­‐to-­‐peak	   amplitudes	  were	  measured	   from	   the	  most	   positive	  point	   to	   the	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trough	   following	   it.	   This	   study	   additionally	   assessed	   behavioral	   performance	   by	   calculating	   the	  
accuracy	  of	  the	  stimulus	  count.	  




To	   indicate	   the	   benefit	   of	   adding	   the	   contralateral	   hearing	   aid,	   the	   following	   calculations	   were	  
performed:	  	  
𝐵𝑒𝑛𝑒𝑓𝑖𝑡  𝑖𝑛  𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦  𝑏𝑖𝑚𝑜𝑑𝑎𝑙 − 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦  𝐶𝐼!"#$	  
𝐵𝑒𝑛𝑒𝑓𝑖𝑡  𝑖𝑛  𝑙𝑎𝑡𝑒𝑛𝑐𝑦 = 𝑙𝑎𝑡𝑒𝑛𝑐𝑦  𝐶𝐼!"#$ − 𝑙𝑎𝑡𝑒𝑛𝑐𝑦  𝑏𝑖𝑚𝑜𝑑𝑎𝑙	  
𝐵𝑒𝑛𝑒𝑓𝑖𝑡  𝑖𝑛  𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒  𝑏𝑖𝑚𝑜𝑑𝑎𝑙 − 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒  𝐶𝐼!"#$	  
To	  assess	  the	  relative	  increase	  in	  amplitude,	  the	  amplitude	  ratio	  was	  calculated:	  	  






Table	  2	  tabulates	  the	  accuracy	  of	  the	  stimulus	  count.	  Three	  out	  of	  five	  participants	  (S1,	  S2,	  and	  S4)	  
achieved	  high	   levels	  of	  accuracy	   in	  both	   listening	  conditions.	   Subject	  S3	  was	   the	  only	   subject	  who	  
performed	   poorer	   in	   bimodal	   than	   CI-­‐only	   listening.	   Subject	   S5	   showed	   a	   major	   improvement	   in	  
bimodal	  compared	  to	  CI-­‐only	  listening.	  
Table	  2:	  Accuracy	  of	  the	  stimulus	  count	  
	  
Electrophysiological	  measures	  
Figure	   1	   illustrates	   the	   responses	   to	   the	   standard	   and	   deviant	   stimuli	   for	   each	   participant	   and	  
listening	  condition.	  The	  difference	  waves	  between	  the	  standard	  and	  deviant	  responses	  are	  shown	  in	  
Figure	  2.	  Three	  out	  of	  five	  subjects	  (S1,	  S2,	  and	  S4)	  showed	  reproducible	  P300	  ERPs	  in	  both	  the	  CI-­‐
only	   and	   bimodal	   condition.	   In	   these	   three	   subjects,	   the	   P300	   morphology	   clearly	   improved	   in	  
bimodal	  listening.	  In	  subject	  S3,	  the	  response	  was	  absent	  (not	  reproducible)	  in	  the	  CI-­‐only	  condition.	  
The	   bimodal	   condition	   in	   subject	   S3	   elicited	   poorly	   reproducible	   responses.	   In	   subject	   S5,	   the	  
response	   was	   poor	   in	   the	   CI-­‐only	   condition.	   However,	   the	   bimodal	   condition	   exhibited	   clear	   and	  
reproducible	  P300	  ERPs.	  	  




Figure	   1:	  Averaged	   responses	   to	   the	   standard	  and	  deviant	   stimuli	   for	  each	  participant	  and	   listening	   condition.	   The	  grey	  
lines	   show	   the	   averaged	   response	   to	   the	   standard	   stimuli;	   the	   black	   lines	   show	   the	   averaged	   response	   to	   the	   deviant	  
stimuli.	  The	  upper	  left	  corner	  indicates	  the	  subjects’	  number.	  




Figure	   2:	   P300	   ERPs	   in	   the	   CI-­‐only	   and	   bimodal	   condition	   for	   each	   participant.	   The	   grey	   lines	   show	   the	   two	   P300	   ERP	  
recordings;	   the	   black	   lines	   show	   the	   averaged	   P300	   ERPs.	   The	   upper	   right	   corner	   indicates	   the	   subjects’	   number	   and	  
amount	  of	  stimulus	  presentation	  for	  the	  averaged	  P300	  ERP.	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Besides	   the	   morphology,	   P300	   latencies	   and	   amplitudes	   were	   also	   affected	   by	   the	   listening	  
condition.	  Figure	  3	  shows	  the	  P300	  latencies	  and	  amplitudes	  in	  the	  bimodal	  versus	  CI-­‐only	  condition	  
for	   each	   participant.	   Subject	   S3	   was	   excluded	   given	   the	   difficult-­‐to-­‐interpret	   responses	   in	   both	  
listening	   conditions.	   In	   all	   subjects	   with	   present	   and	   reproducible	   P300	   responses,	   latencies	  
decreased	  and	  amplitudes	  increased	  in	  bimodal	  compared	  to	  CI-­‐only	  listening.	  	  
	  
Figure	  3:	  P300	  latencies	  (a)	  and	  amplitudes	  (b)	  in	  the	  bimodal	  versus	  CI-­‐only	  conditions	  for	  each	  participant.	  The	  lines	  
indicate	  the	  amplitude	  and	  latency	  changes	  for	  each	  subject.	  
Comparison	  of	  electrophysiological	  and	  behavioral	  measures	  
Table	  3	  shows	  the	  benefit	  from	  adding	  the	  acoustical	  information	  for	  each	  participant.	  Note	  that	  the	  
subject	  with	   the	   largest	   improvement	   in	   accuracy,	   i.e.	   subject	   S5,	   showed	   the	   largest	   decrease	   in	  
latency	  and	  proportionally	  the	  largest	  increase	  in	  P300	  amplitude.	  	  
Table	  3:	  Bimodal	  benefit	  on	  behavioral	  and	  electrophysiological	  measures	  
	  
Positive	  values	   for	  benefit	   indicate	  an	   improvement	   in	  bimodal	  versus	  CI-­‐only	   listening	   (i.e.	  an	   increase	   in	  
accuracy,	   a	   decrease	   in	   latency,	   an	   increase	   in	   amplitude).	   Negative	   values	   indicate	   a	   decline	   in	   bimodal	  
compared	  to	  CI-­‐only	  listening	  (i.e.	  a	  decrease	  in	  accuracy,	  an	  increase	  in	  latency,	  a	  decrease	  in	  amplitude).	  
 
	  




The	  first	  goal	  of	  this	  study	  was	  to	  assess	  whether	  the	  P300	  ERP	  can	  provide	  fundamental	  insight	  into	  
the	   benefit	   of	   wearing	   a	   hearing	   aid	   in	   the	   non-­‐implanted	   ear.	   Unlike	   previous	   studies,	   we	  
investigated	  the	  effects	  of	  bimodal	  listening	  on	  the	  P300	  morphology,	  latency,	  and	  amplitude.	  	  
Overall,	   bimodal	   hearing	   yielded	   P300	   ERPs	  with	   improved	  morphology,	   decreased	   latencies,	   and	  
enhanced	  amplitudes.	  The	  decrease	  in	  the	  P300	  latency	  suggests	  that	  bimodal	  hearing	  decreases	  the	  
information	   processing	   time.	   Although	   this	   is	   consistent	   with	   the	   literature,	   comparison	   between	  
studies	  is	  confounded	  by	  methodological	  differences.	  Both	  Iwaki	  et	  al.	  (2004)	  and	  Sasaki	  et	  al.	  (2009)	  
used	  an	  oddball	  paradigm	  with	  a	  1	  versus	  2	  kHz	  contrast.	  The	  present	  study,	  however,	  used	  a	  250	  
and	   500	   Hz	   contrast,	   since	   bimodal	   listeners	   are	   expected	   to	   benefit	   from	   the	   low-­‐frequency	  
temporal	  fine-­‐structure	  information	  provided	  by	  the	  hearing	  aid.	  Adding	  the	  hearing	  aid	  did	  not	  only	  
alter	  the	  P300	  morphology	  and	  latency,	  it	  also	  enhanced	  the	  P300	  amplitude.	  Taken	  together,	  these	  
results	   suggest	   that	   cortical	   processing	   is	   different	   in	   bimodal	   versus	   CI-­‐only	   listening.	   A	   possible	  
explanation	   is	   that	   the	   hearing	   aid	   facilitates	   the	   discrimination	   of	   low-­‐frequency	   tonal	   contrasts.	  
Previous	  studies	  in	  normal	  hearing	  subjects	  indeed	  show	  that	  P300	  ERPs	  have	  shorter	  latencies	  and	  
larger	  amplitudes	   for	  more	  easily	  discriminable	   sound	  contrasts	   (e.g.	  Kutas	  et	  al.	  1977,	  Donchin	  &	  
Coles	   1988,	   Parasuraman	   &	   Beatty	   1980,	   Ritter	   et	   al.	   1972).	   The	   low-­‐frequency	   tonal	   contrasts	  
presented	   in	   the	   current	   study	   may	   have	   been	   more	   apparent	   in	   bimodal	   hearing	   due	   to	   the	  
availability	  of	   low-­‐frequency	   temporal	   fine-­‐structure	   information	   (Reichenbach	  &	  Hudspeth	  2012).	  
Proper	  processing	  of	  low-­‐frequency	  temporal	  fine-­‐structure	  is	  crucial,	  since	  this	  type	  of	  information	  
is	   known	   to	   contribute	   to	  music	   appreciation	   (review	  McDermott	   &	   Oxenham	   2008)	   and	   speech	  
perception	  in	  noise	  (Brokx	  &	  Nooteboom	  1982).	  
The	   second	   goal	   of	   this	   study	   was	   to	   explore	   the	   potential	   use	   of	   the	   P300	   auditory	   ERP	   as	   a	  
technique	  to	  objectify	  individual	  benefit	  of	  wearing	  a	  contralateral	  hearing	  aid.	  An	  often-­‐mentioned	  
concern	   is	   that	   individual	  diagnosis	  based	  on	  the	  P300	  ERP	   is	  hampered	  by	   the	  complex	  nature	  of	  
the	   response.	   The	   P300	   ERP	   is	   not	   a	   unitary	   phenomenon.	   Instead,	   it	   represents	   a	   complex	  
waveform,	  which	   is	   affected	   by	   a	  myriad	   of	   subjective	   factors,	   such	   as	   age	   and	   cognitive	   abilities	  
(review	   Duncan	   et	   al.	   2009).	   The	   strength	   of	   this	   protocol	   is,	   however,	   that	   it	   is	   a	   within-­‐subject	  
comparison.	   Rather	   than	   investigating	   the	   absolute	   P300	   latencies	   and	   amplitudes,	   we	   measure	  
changes	  in	  the	  P300	  characteristics.	  As	  the	  subjects	  serve	  as	  their	  own	  control,	  this	  technique	  may	  
reveal	   benefits	   at	   an	   individual	   level.	   In	   only	   one	   subject,	   the	   within-­‐subject	   comparison	   was	  
problematic	   as	   the	   responses	   were	   difficult	   to	   interpret	   in	   both	   listening	   conditions.	   In	   all	   other	  
participants,	  the	  P300	  ERPs	  substantially	  improved	  in	  bimodal	  compared	  to	  CI-­‐only	  listening.	  	  
CHAPTER	  3	  -­‐	  CORTICAL	  EVENT-­‐RELATED	  POTENTIALS	  
	  
118	  
To	  better	  understand	  the	  individual	  results,	  it	  is	  also	  important	  to	  compare	  the	  electrophysiological	  
data	   with	   the	   subjects’	   behavioral	   ability	   to	   discriminate	   the	   sound	   contrast.	   Interestingly,	   the	  
subject	  with	   the	   largest	   improvement	  on	  the	  behavioral	   task	  showed	  the	   largest	  decrease	   in	  P300	  
latency	  and	  proportionally	  the	  largest	  increase	  in	  P300	  amplitude.	  This	  finding	  not	  only	  indicates	  the	  
relationship	   between	   the	   behavioral	   and	   electrophysiological	   data,	   it	   also	   suggests	   that	   latencies	  
and/or	   amplitude	   ratios	   may	   be	   suitable	   parameters	   to	   quantify	   the	   benefit	   of	   wearing	   a	  
contralateral	   hearing	   aid.	   Another	   remarkable	   observation	   is	   that	   the	   bimodal	   condition	   yielded	  
superior	   P300	  ERPs	   even	   in	   subjects	  who	   showed	  a	   ceiling	   effect	   on	   the	  behavioral	   task.	   In	   these	  
subjects,	  behavioral	  performance	  may	  not	  have	  improved	  in	  the	  bimodal	  condition,	  since	  high	  levels	  
of	   performance	   were	   already	   achieved	   in	   the	   CI-­‐only	   condition.	   Despite	   the	   accurate	   behavioral	  
performance,	   P300	   ERPs	  were	   generally	   poorer	   in	   CI-­‐only	   listening.	   This	   finding	  may	   indicate	   that	  
subjects	  invested	  more	  central	  processing	  resources	  to	  perform	  the	  discrimination	  task	  in	  the	  CI-­‐only	  
condition.	  Although	  this	  allowed	  them	  to	  successfully	  perform	  the	  discrimination	  task,	  the	  increased	  
mental	   effort	  may	   be	   reflected	   in	   the	   poorer	   P300	   ERPs	   (review	   Polich	   2007).	   Hence,	   our	   results	  
seem	  to	  suggest	  that	  the	  P300	  ERPs	  may	  provide	  a	  technique	  to	  gain	  insight	  into	  subtle	  benefits	  of	  
bimodal	  hearing,	  which	  are	  not	  always	  measurable	  by	  means	  of	  behavioral	  measures.	  
Although	  the	  present	  study	  reveals	  some	  interesting	  trends,	  further	  research	  is	  required	  to	  improve	  
the	  value	  of	  the	  technique.	  First,	  it	  would	  be	  interesting	  to	  test	  more	  listening	  conditions.	  P300	  ERPs	  
may	  be	   recorded	   to	  different	  discrimination	   tasks,	   such	  as	   speech	   contrasts,	  musical	   contrasts,	   or	  
contrasts	   in	   binaural	   cues.	   The	   combination	   of	   several	   discrimination	   tasks	   may	   cover	   different	  
aspects	   of	   bimodal	   benefit.	   There	   is	   indeed	  psychoacoustic	   evidence	   that	   bimodal	   benefit	   is	   task-­‐
dependent.	  Crew	  et	  al.	  (2015),	  for	  instance,	  found	  that	  in	  bimodal	  hearing	  the	  CI	  mainly	  contributes	  
to	  speech	  perception,	  whereas	  the	  hearing	  aid	  primarily	  contributes	  to	  music	  perception.	  This	  task-­‐
dependence	  may	  have	  been	  observed	   in	   subject	   S5.	   Subject	   S5	   is	   a	  prelingually	  deafened	   subject,	  
who	   showed	   particularly	   poor	   behavioral	   and	   electrophysiological	   responses	   in	   the	   CI-­‐only	  
condition.	  This	  may	   indicate	   that	   this	   subject	  mostly	   relies	  on	   the	  hearing	  aid	   to	  discriminate	   low-­‐
frequency	   tonal	   contrast.	  Adding	  more	   listening	  conditions,	   including	  a	  hearing	  aid	  only	  condition,	  
may	  increase	  our	  insight	  into	  the	  benefits	  underlying	  bimodal	  hearing.	  However,	  if	  more	  conditions	  
are	  tested,	  several	  test	  sessions	  may	  be	  required	  to	  avoid	  fatigue.	  Second,	  P300	  ERPs	  of	  successful	  
and	  unsuccessful	   bimodal	   listeners	   should	  be	   compared	   to	   assess	   the	   sensitivity	   and	   specificity	  of	  
the	   technique.	   A	   cross-­‐sectional	   study	   is	   difficult	   to	   conduct	   since	   unsuccessful	   bimodal	   listeners	  
often	  cease	   to	  wear	   the	  hearing	  aid.	   It	  would	   therefore	  be	   interesting	   to	   include	  newly	   implanted	  
bimodal	   listeners	   in	   a	   longitudinal	   follow-­‐up	   study.	   This	  may	  not	  only	   enable	  us	   to	   compare	  P300	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ERPs	  of	   successful	  and	  unsuccessful	  bimodal	   listeners,	   it	  may	   increase	  our	   insight	   into	  plasticity	   in	  
bimodal	  listeners.	  	  
Conclusion	  
Compared	   to	   CI-­‐only	   listening,	   bimodal	   hearing	   seems	   to	   evoke	   superior	   P300	   ERPs.	   This	   may	  
suggest	  that	  CI-­‐users	  generally	  benefit	  from	  wearing	  a	  contralateral	  hearing	  aid	  to	  discriminate	  low-­‐
frequency	  tonal	  contrasts.	  Although	  preliminary,	  the	  individual	  data	  suggest	  that	  the	  P300	  ERP	  may	  
be	  a	  valuable	  technique	  to	  objectify	  subtle	  benefits	  of	  wearing	  a	  contralateral	  hearing	  aid.	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4.1	  	   Discussion	  and	  future	  perspectives	  
The	   major	   goal	   of	   this	   thesis	   was	   to	   gain	   insight	   into	   the	   central	   auditory	   processing	   of	  
simultaneously	   presented	   electrical	   and	   acoustical	   signals	   in	   bimodal	   cochlear	   implant	   (CI)	   users.	  
Chapter	  2	  focused	  on	  the	  auditory	  brainstem	  response	  (ABR),	  since	  the	  brainstem	  is	  the	  first	  level	  at	  
which	   the	   information	   from	   both	   ears	   is	   compared.	   Chapter	   3	   focused	   on	   the	   cognitive	   P300	  
auditory	  event-­‐related	  potential	   (ERP),	   since	  bimodal	  benefit	  may	  also	  depend	  on	  higher	   levels	  of	  
auditory	  processing.	  	  
Auditory	  brainstem	  responses	  
Binaural	   interaction	   in	  the	  ABR	  is	  traditionally	  defined	  as	  any	  difference	  between	  the	  binaural	  ABR	  
and	  the	  sum	  of	  the	  monaural	  ABRs	  (Dobie	  &	  Berlin	  1979).	  These	  differences	  are	  usually	  analyzed	  by	  
computing	   the	   difference	  wave	   between	   the	   binaural	   ABR	   and	   the	   summed	  monaural	   ABRs.	   This	  
difference	  wave	  is	  called	  the	  binaural	  interaction	  component	  (BIC).	  Chapter	  2.1	  described	  the	  ABR-­‐
BIC	  to	  clicks	  and	  500	  Hz	  tone-­‐bursts.	  The	  click	  ABR-­‐BIC	  contained	  peaks	  at	  the	  level	  of	  waves	  III,	  V,	  VI,	  
and	  VII.	  The	  early	  peak	  at	  the	  level	  of	  wave	  III	  was	  unexpected	  since	  wave	  III	  of	  the	  ABR	  is	  thought	  to	  
arise	  from	  the	  ipsilateral	  cochlear	  nuclei	  (Møller	  1985).	  The	  origin	  of	  this	  early	  ABR-­‐BIC	  peak	  is	  still	  
unclear.	  While	  Wilson	  et	  al.	  (1985)	  attributed	  the	  occurrence	  of	  this	  peak	  to	  the	  stapedial	  reflex,	  we	  
advocated	   that	   it	   may	   arise	   from	   fibers	   synapsing	   on	   the	   medial	   nucleus	   of	   the	   trapezoid	   body	  
(MNTB)	  (Curio	  &	  Weigel	  1990).	  Following	  this	  early	  peak,	  peaks	  were	  found	  at	  the	  level	  of	  waves	  V,	  
VI,	  and	  VII.	  The	  most	  stable	  peak	   in	   the	  click	  ABR-­‐BIC	  occurred	  at	   the	   level	  of	  wave	  V.	  This	  was	   in	  
agreement	  with	  previous	  studies	  (Dobie	  &	  Norton	  1980,	   Ito	  et	  al.	  1988,	  Jiang	  1996,	  Wrege	  &	  Starr	  
1981).	  Unlike	  the	  click	  ABR-­‐BIC,	  the	  500	  Hz	  tone-­‐burst	  ABR-­‐BIC	  contained	  a	  single	  peak	  at	  the	  level	  of	  
wave	  V.	  At	  the	  level	  of	  wave	  V,	  good	  inter-­‐rater	  reliability	  was	  found	  for	  both	  clicks	  and	  500	  Hz	  tone-­‐
bursts.	  Despite	  the	  good	  inter-­‐rater	  reliability,	  click	  and	  500	  Hz	  tone-­‐burst	  ABR-­‐BICs	  were	  absent	  or	  
questionable	   in	   a	   substantial	   part	   of	   normal	   hearing	   young	   adults.	   This	  was	   attributed	   to	   the	   low	  
signal-­‐to-­‐noise	  ratio	  (SNR)	  of	  some	  individual	  responses	  (Kelly-­‐Ballweber	  &	  Dobie	  1984,	  Stollman	  et	  
al.	  1996,	  Wilson	  et	  al.	  1985).	  ABR-­‐BICs	  typically	  have	  small	  amplitudes	  and	  the	  subtraction	  paradigm	  
is	  known	  to	  add	  noise	  to	  the	  difference	  wave	  (Picton	  2011).	  The	  low	  SNR	  of	  the	  responses	  limits	  the	  
use	   of	   the	   ABR-­‐BIC	   for	   individual	   diagnosis	   (Kelly-­‐Ballweber	   &	   Dobie	   1984,	   Stollman	   et	   al.,	   1996,	  
Wilson	  et	  al.	  1985).	  	  
Chapter	   2.2	   investigated	   the	   effects	   of	   age	   on	   the	   ABR-­‐BIC.	   Since	   individual	   ABR-­‐BICs	   are	   often	  
difficult	  to	  interpret,	  binaural	  interaction	  was	  assessed	  at	  group	  level.	  The	  major	  finding	  of	  this	  study	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was	  that	  the	  age-­‐related	  changes	   in	  binaural	   interaction	  appeared	  to	  be	  stimulus-­‐dependent.	  Age-­‐
related	  changes	  were	  observed	  in	  the	  500	  Hz	  tone-­‐burst	  ABR-­‐BIC,	  but	  not	   in	  the	  click	  ABR-­‐BIC.	  We	  
advocated	   that	   the	  500	  Hz	   tone-­‐burst	   and	   click	  ABR-­‐BICs	  may	  originate	   from	  different	   anatomical	  
pathways,	   respectively	   the	   medial	   superior	   olive	   (MSO)	   and	   lateral	   superior	   olive	   (LSO).	   It	   is	  
generally	   assumed	   that	   the	  MSO	   and	   LSO	   process	   ITDs	   and	   ILDs,	   respectively	   (review	   Yin	  &	   Chan	  
1988).	   Hence,	   the	   stimulus-­‐dependent	   age-­‐related	   changes	   may	   indicate	   that	   ITD	   processing	   is	  
affected	  by	   age,	  whereas	   ILD	  processing	   is	   not	   affected	  by	   age.	   This	   hypothesis	   is	   consistent	  with	  
earlier	  psychoacoustical	   findings	   (review	  Eddins	  &	  Hall	  2010).	  Nevertheless,	   the	   results	  of	  Chapter	  
2.2	  should	  be	  interpreted	  carefully,	  because	  the	  exact	  mechanisms	  underlying	  the	  generation	  of	  the	  
ABR-­‐BIC	  are	  still	  poorly	  understood.	  As	  stated	  in	  the	  introduction	  of	  this	  thesis,	  binaural	  processing	  
relies	   on	   the	   inhibition	   and	   excitation	   of	   brainstem	   neurons	   in	   response	   to	   ipsilateral	   and	  
contralateral	  auditory	  input.	  Since	  binaural	  interaction	  in	  the	  ABR	  is	  manifested	  as	  a	  reduction	  of	  the	  
binaural	  wave	  V	  amplitude,	  researchers	  have	  suggested	  that	  inhibition	  is	  the	  main	  mechanism	  in	  the	  
generation	  of	   the	  ABR-­‐BIC	   (e.g.	  Noh	  et	  al.	  2007).	  However,	   the	   reduced	  amplitude	   in	   the	  binaural	  
condition	  may	  also	  be	  explained	  by	  the	  activity	  of	  brainstem	  neurons	  that	  are	  excited	  by	  either	  ear.	  
These	   neurons	   basically	   discharge	   in	   the	   same	   way	   to	   right,	   left,	   or	   binaural	   stimulation	   (Picton	  
2011).	   In	   this	   case,	   the	   reduced	   binaural	   amplitude	   results	   from	   activity	   of	   neurons	   that	   are	  
indifferent	  to	  the	  side	  of	  auditory	  stimulation.	  In	  summary,	  it	  can	  be	  stated	  that	  the	  interpretation	  of	  
the	  ABR-­‐BIC	   is	   cumbersome,	   since	   it	   is	   not	   a	  direct	   response	   to	   interaural	   level	  differences	   (ILDs),	  
interaural	  time	  differences	  (ITDs),	  or	  interaural	  phase	  differences	  (IPDs).	  Future	  research	  may	  apply	  
more	   direct	   measures	   of	   binaural	   processing.	   Recently,	   Haywood	   et	   al.	   (2015)	   developed	   a	  
technique	   to	  objectively	   assess	   the	   auditory	  processing	  of	   IPDs.	   The	   latter	   study	   recorded	   steady-­‐
state	   responses	   to	   periodically	   changing	   interaural	   phase	   modulations.	   Not	   only	   is	   this	   a	   direct	  
response	  to	  IPDs,	  these	  responses	  also	  show	  a	  better	  SNR	  than	  the	  traditional	  ABR-­‐BIC.	  	  
So	   far,	   we	   discussed	   two	   drawbacks	   of	   the	   ABR-­‐BIC:	   it	   is	   only	   an	   indirect	   measure	   of	   binaural	  
processing	  and	  it	  has	  a	  low	  SNR.	  Another	  disadvantage	  is	  that	  several	  factors	  may	  influence	  the	  ABR-­‐
BIC.	  First,	  at	  high	  intensity	  levels,	  the	  subtraction	  paradigm	  may	  result	  in	  a	  difference	  wave	  which	  is	  
caused	  by	   acoustic	   cross-­‐over	   (Levine	  1981).	  Acoustic	   cross-­‐over	  occurs	  when	   sound	  presented	  at	  
one	  ear	  stimulates	  the	  contralateral	  ear.	  The	  monaural	  ABR	  therefore	  contains	  an	  ipsilateral,	  as	  well	  
as	   a	   contralateral	   response.	   The	   binaural	   ABR	   does	   not	   necessarily	   contain	   the	   contralateral	  
responses.	   The	   contralateral	   stimulation	   is	   delayed	   and	   attenuated	   compared	   the	   ipsilateral	  
stimulation.	   Neurons	   may	   be	   refractory	   during	   the	   contralateral	   stimulation,	   as	   they	   already	  
responded	  to	  the	  earlier	  ipsilateral	  stimulation.	  Hence,	  acoustic	  cross-­‐over	  may	  result	  in	  a	  difference	  
wave	   that	   is	   not	   related	   to	   binaural	   interaction.	   As	   described	   in	   Chapter	   2.2,	   the	   influence	   of	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acoustic	   cross-­‐over	   was	   limited	   by	   using	   moderate	   intensity	   levels	   delivered	   by	   insert	   phones.	  
Second,	   the	   stapedial	   reflex	   might	   have	   an	   influence	   on	   the	   ABR-­‐BIC	   (Levine	   1981,	  Wilson	   et	   al.	  
1985).	   Binaural	   stimulation	   is	  more	   likely	   to	   elicit	   a	   reflex	   than	  monaural	   stimulation	   at	   the	   same	  
intensity.	   If	   the	   stimulation	   rate	   were	   fast	   enough,	   the	   reflex	   may	   persist	   to	   alter	   middle	   ear	  
transmission.	  This	  may	   result	   in	  differences	  between	   the	  binaural	  ABR	  and	   the	  summed	  monaural	  
waveform	  in	  the	  absence	  of	  binaural	  interaction	  (Wilson	  et	  al.	  1985).	  Due	  to	  the	  moderate	  intensity	  
levels,	   short	   stimulus	  duration,	  and	   low	  stimulation	   rates,	   it	   is	  however	  unlikely	   that	   the	   stapedial	  
reflex	  influenced	  our	  data.	  Third,	  small	  interaural	  asymmetries	  in	  the	  ABR	  may	  affect	  the	  ABR-­‐BIC.	  In	  
normal	   hearing	   subjects,	   these	   asymmetries	   are	   usually	   clinically	   irrelevant.	   Nevertheless,	   their	  
effect	   on	   measures	   of	   binaural	   interaction	   is	   unclear.	   Spivak	   &	   Seitz	   (1988)	   claimed	   that	   small	  
interaural	  asymmetries	  affect	  the	  ABR-­‐BIC.	  Other	  researchers	  advocated	  that	  such	  asymmetries	  are	  
around	  noise	  level	  and	  therefore	  irrelevant	  (McPherson	  &	  Starr	  1993).	  	  
It	   is	  unlikely	  that	  the	  ABR-­‐BIC	  solely	  results	  from	  the	  above-­‐mentioned	  influential	  factors.	  ABR-­‐BICs	  
have	   successfully	   been	   recorded	   in	   bilateral	   CI-­‐users	   (Pelizzone	   et	   al.	   1990).	   In	   these	   patients,	  
acoustic	  effects	  such	  as	  acoustic	  cross-­‐over	  and	  stapedial	  reflexes	  do	  not	  occur.	  Not	  only	  can	  ABR-­‐
BICs	  be	  recorded	  in	  bilateral	  CI-­‐users,	  the	  SNR	  seems	  to	  be	  better	  in	  bilateral	  CI-­‐users	  than	  in	  normal	  
hearing	   listeners.	   This	   is	   most	   likely	   attributed	   to	   the	   highly	   synchronized	   neuronal	   activity	   in	  
response	  to	  electrical	  stimulation.	  Taken	  together,	   these	  factors	   facilitate	  the	   interpretation	  of	  the	  
ABR-­‐BIC	   in	   bilateral	   CI-­‐users.	   Not	   surprisingly,	   the	   ABR-­‐BIC	   has	   provided	   fundamental	   insight	   into	  
binaural	  processing	   in	  bilateral	  CI-­‐users.	  ABR-­‐BICs	  have	  been	  used	  to	   investigate	  the	  critical	  period	  
for	   binaural	   interaction	   in	   children	   receiving	   bilateral	   CIs	   (Gordon	   et	   al.	   2007a,	   2007b,	   2008).	   In	  
addition,	  recent	  studies	  explored	  the	  utility	  of	  the	  ABR-­‐BIC	  to	  match	  interaural	  electrodes	  (Gordon	  et	  
al.	   2012,	   He	   et	   al.	   2010,	   2012,	   Hu	   and	   Dietz	   2015).	   Small	   interaural	   mismatches	   in	   electrode	  
stimulation	  may	  affect	  spatial	  hearing	  performance	  in	  bilateral	  CI-­‐users	  (Goupell	  et	  al.	  2013,	  Kan	  et	  
al.	   2013,	   2015,	   van	   Hoesel	   2004).	   The	   ABR-­‐BIC	   appears	   to	   be	   larger	   if	   both	   electrodes	   stimulate	  
similar	   cochlear	   regions	   (Smith	  &	  Delgutte	  2007).	  Hence,	   the	  ABR-­‐BIC	  may	  provide	  a	   technique	   to	  
pair	  interaural	  electrodes	  in	  bilateral	  CI-­‐users.	  	  
In	   contrast	   to	   bilateral	   CI-­‐users,	   the	   interpretation	   of	   the	   ABR-­‐BIC	   is	   highly	   complex	   in	   bimodal	  
listeners.	   Unlike	   bilateral	   CI-­‐users,	   bimodal	   listeners	   combine	   two	   fundamentally	   different	  
stimulation	  modes.	   As	   discussed	   in	   Chapter	   2.3,	   this	   interaural	   asymmetry	   severely	   hampers	   the	  
recording	   and	   interpretation	   of	   the	  ABR-­‐BIC.	   Rather	   than	   by	   computing	   the	  ABR-­‐BIC,	  Chapter	   2.4	  
therefore	   assessed	   brainstem	   binaural	   processing	   in	   bimodal	   listeners	   by	   comparing	   pitch-­‐	   and	  
loudness-­‐balanced	   monaural	   acoustical,	   monaural	   electrical,	   and	   bimodal	   ABRs.	   Our	   preliminary	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data	  show	  that	  it	  is	  feasible	  to	  record	  bimodal	  ABRs.	  One	  remarkable	  result	  was	  that	  in	  one	  subject	  
the	   bimodal	   ABR	   consistently	   resembled	   the	   monaural	   electrical	   ABR	   despite	   showing	   clear	  
monaural	   acoustical	   ABRs.	   Although	   the	   mechanisms	   underlying	   this	   finding	   are	   still	   unclear,	  
potential	   effects	   of	   masking,	   temporal	   integration,	   contralateral	   efferent	   suppression,	   or	  
refractoriness	  may	  contribute	  to	  this	  finding.	  	  
Although	   Chapter	   2.4	   reveals	   some	   interesting	   trends,	   the	   manuscript	   provides	   very	   preliminary	  
data.	   Monaural	   acoustical	   ABRs	   were	   often	   absent	   due	   to	   the	   degree	   and	   configuration	   of	   the	  
hearing	   loss.	   Further	   research	  may	   therefore	   include	   subjects	   with	  more	   residual	   hearing,	   ideally	  
single-­‐sided	   deaf	   (SSD)	   CI-­‐users.	   These	   studies	   may	   increase	   our	   insight	   into	   brainstem	   bimodal	  
processing.	   In	   addition,	  we	  might	   gain	   further	   insight	   into	   the	   interaural	   timing	  disparity	  between	  
the	   electrical	   and	   acoustical	   stimulation	   in	   bimodal	   hearing.	   An	   advantage	   of	   the	   bimodal	   ABR	  
recording	  paradigm	  is	  that	   it	  provides	   information	  on	  whether	  the	  bimodal	  stimulation	  results	   in	  a	  
binaurally	   fused	   image.	   Since	  bimodal	  ABRs	  provide	   information	  on	  binaural	   fusion,	  bimodal	  ABRs	  
may	  provide	  a	  technique	  to	  assess	  whether	  aligning	  the	  electrical	  and	  acoustical	  response	  changes	  
the	   subjective	   perception.	   Psychoacoustic	   studies	   could	   compare	   ITD	   sensitivity	  with	   and	  without	  
the	  compensatory	  delay,	  as	  measured	  with	  the	  bimodal	  ABRs.	  	  
Cognitive	  P300	  event-­‐related	  potentials	  
To	  assess	  higher	  levels	  of	  auditory	  processing,	  the	  cognitive	  P300	  ERP	  was	  investigated.	  Chapter	  3.1	  
compared	  P300	  ERPs	   to	  monaural	   right,	  monaural	   left,	  and	  binaural	   stimulation	   in	  normal	  hearing	  
young	  adults.	  This	  study	  showed	  that	  the	  binaural	  response	  was	  similar	  to	  either	  monaural	  response	  
alone.	   This	   is	   consistent	  with	   a	   recent	   P300-­‐study	   in	  which	   a	   binaural	   interaction	   component	  was	  
derived	   using	   the	   same	   subtraction	   paradigm	   as	   for	   the	   ABR-­‐BIC	   (Henkin	   et	   al.	   2015).	   Not	  
surprisingly,	   the	   resulting	   difference	   wave	   accounted	   for	   about	   50%	   of	   the	   summed	   monaural	  
responses.	   In	   accordance	   with	   studies	   on	   the	   earlier	   cortical	   potentials	   P1-­‐N1-­‐P2	   (e.g.	   Debruyne	  
1984,	   McPherson	   &	   Starr	   1993),	   Henkin	   et	   al.	   (2015)	   interpreted	   this	   finding	   as	   an	   increase	   of	  
binaural	  interaction	  at	  later	  stages	  of	  auditory	  processing.	  However,	  the	  fact	  that	  a	  single	  monaural	  
response	  resembles	  the	  binaural	  response	  may	  also	   indicate	  that	  the	  auditory	   information	  arriving	  
at	   the	   cortex	   is	   processed	  equally	   regardless	   the	   side	  of	   stimulation	   (Picton	  2011).	   This	   raises	   the	  
question	  whether	  the	  P300-­‐BIC	  actually	  reflects	  binaural	  intearction	  at	  the	  cortical	  level.	  	  
Since	   the	   interpretation	   of	   the	   P300-­‐BIC	   is	   disputable,	   the	   P300	   ERP	  was	   used	   to	   assess	   bimodal	  
benefit	  rather	  than	  to	  assess	  binaural	  interaction.	  Chapter	  3.2	  compared	  cognitive	  P300	  ERPs	  to	  low-­‐
frequency	   tonal	   contrasts	   in	  CI-­‐only	   versus	  bimodal	   listening.	   In	   four	  out	  of	   five	   subjects,	   bimodal	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hearing	  elicited	  better	  P300	  morphology,	   shorter	  P300	   latencies,	   and	   larger	  P300	  amplitudes.	   The	  
decrease	   in	   the	   P300	   latency	   suggests	   that	   bimodal	   hearing	   ameliorates	   information	   processing	  
time.	  The	  P300	  amplitudes	  are	  more	  difficult	  to	   interpret.	  First,	  there	  are	  several	  ways	  to	  measure	  
amplitudes.	  Amplitudes	  can	  be	  measured	  from	  the	  peak	  to	  the	  baseline	  or	  from	  the	  peak	  to	  trough	  
following	   it.	   Throughout	   this	   thesis,	   amplitudes	   were	   measured	   from	   the	   peak	   to	   the	   following	  
trough.	  The	  advantage	  of	   this	  measure	   is	   that	   it	   is	   less	   susceptible	   to	   residual	  noise	   than	  peak-­‐to-­‐
baseline	  measures.	   The	  disadvantage	   is	   that	   it	   depends	  on	   the	  negativity	   following	   the	  P300	  ERP.	  
The	  P300	  literature	  is	  inconsistent	  regarding	  the	  nomenclature	  and	  nature	  of	  this	  negativity	  (Beynon	  
2005,	   Henkin	   2015).	   Second,	   the	   exact	   psychophysiological	   correlates	   of	   the	   P300	   amplitudes	   are	  
still	   unclear.	   Nevertheless,	   P300	   amplitudes	   have	   often	   been	   used	   as	   a	   measure	   of	   processing	  
capacity.	   Previous	   studies	   in	   normal	   hearing	   subjects	   have	   shown	   that	   P300	   ERPs	   have	   larger	  
amplitudes	  for	  more	  easily	  discriminable	  sound	  contrasts	  (e.g.	  Donchin	  &	  Coles	  1988,	  Parasuraman	  
&	  Beatty	   1980,	   Ritter	   et	   al.	   1972).	   The	   tonal	   contrasts,	   presented	   in	  Chapter	   3.2,	  may	   have	   been	  
easier	   to	   discriminate	   in	   bimodal	   listening	   due	   to	   the	   availability	   of	   low-­‐frequency	   fine-­‐structure	  
information.	   Noteworthy	   is	   that	   additional	   cues	   may	   have	   been	   available	   depending	   on	   the	  
individual	   fitting.	   First,	   in	   some	  subjects,	   it	  was	  difficult	   to	  achieve	   interaural	   loudness-­‐balance	   for	  
both	   the	   deviant	   and	   standard	   stimulus.	   Small	   interaural	   loudness	   differences	  may	  have	  occurred	  
despite	   the	   attempts	   to	  match	   interaural	   loudness.	   Second,	   the	   subjective	   loudness	   between	   the	  
standard	  and	  deviant	  stimulus	  may	  differ	  despite	  presenting	  both	  stimuli	  at	  equal	  intensity	  levels.	  	  
To	  better	  understand	   the	   relevance	  of	   the	  P300	   results,	  we	   investigated	   the	   relationship	  between	  
the	  electrophysiological	  and	  behavioral	  data.	  Subjects	  were	  asked	   to	  count	   the	  amount	  of	  deviant	  
stimuli.	   The	   accuracy	   of	   this	   stimulus	   count	   served	   as	   a	   measure	   of	   behavioral	   performance.	   A	  
remarkable	  finding	  was	  observed	  in	  subjects	  who	  showed	  a	  ceiling	  effect	  on	  the	  behavioral	  task.	  In	  
these	   patients,	   behavioral	   performance	   did	   not	   improve	   in	   the	   bimodal	   condition,	   since	  maximal	  
performance	   was	   already	   achieved	   in	   the	   CI-­‐only	   condition.	   Despite	   the	   accurate	   behavioral	  
performance,	   P300	   ERPs	  were	   generally	   poorer	   in	   CI-­‐only	   listening.	   This	   finding	  may	   indicate	   that	  
subjects	  invested	  more	  central	  processing	  resources	  to	  perform	  the	  discrimination	  task	  in	  the	  CI-­‐only	  
condition.	  Although	  this	  allowed	  them	  to	  successfully	  perform	  the	  task,	  the	  increased	  mental	  effort	  
may	   be	   reflected	   in	   the	   poorer	   P300	   ERPs	   (review	   Polich	   2007).	   P300	   ERPs	   may	   thus	   provide	   a	  
technique	   to	   assess	   subtle	   benefits	   of	   bimodal	   hearing,	   which	   are	   not	   always	   measurable	   using	  
behavioral	  measures.	  	  
Another	   interesting	   result	   was	   that	   the	   subject	   who	   showed	   the	   largest	   improvement	   on	   the	  
behavioral	   task,	   also	   showed	   the	   largest	   decrease	   in	   P300	   latency	   and	   proportionally	   the	   largest	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increase	  in	  P300	  amplitude.	  This	  finding	  not	  only	  indicates	  the	  relationship	  between	  the	  behavioral	  
and	  electrophysiological	  measures,	  it	  also	  suggests	  that	  latencies	  and/or	  amplitudes	  ratios	  may	  be	  a	  
suitable	  parameter	  to	  quantify	  the	  benefit	  of	  wearing	  a	  contralateral	  hearing	  aid	  (HA).	  Noteworthy	  is	  
that	  this	  subject	  showed	  particularly	  poor	  accuracy	  and	  P300	  ERPs	  in	  the	  CI-­‐only	  condition.	  This	  may	  
suggest	   that	   this	   subject	  primarily	   relied	  on	   the	  HA	   to	  discriminate	   low-­‐frequency	   tonal	   contrasts.	  
There	  is	  psychoacoustic	  evidence	  that	  the	  contributions	  of	  the	  electrical	  and	  acoustical	  hearing	  vary	  
depending	  on	  the	  task.	  Crew	  et	  al.	  (2015),	  for	  instance,	  found	  that	  bimodal	  listeners	  mainly	  rely	  on	  
the	   HA	   for	   melodic	   pitch	   perception;	   a	   task	   which	   employs	   temporal	   fine	   structure.	   In	   contrast,	  
bimodal	  listeners	  primarily	  utilize	  the	  CI	  for	  speech	  perception	  tasks.	  In	  some	  bimodal	  listeners,	  the	  
bimodal	  condition	  slightly	  improved	  speech	  perception	  compared	  to	  CI-­‐only	  listening.	  These	  results	  
illustrate	  that	  the	  benefit	  from	  bimodal	  hearing	  is	  task-­‐dependent.	  
In	   summary,	   the	   P300	   ERP	   seems	   to	   be	   a	   promising	   technique	   to	   assess	   bimodal	   benefit.	  
Nevertheless,	  the	  current	  protocol	  can	  be	  improved.	  To	  disentangle	  the	  relative	  contribution	  of	  each	  
device,	   future	  studies	  should	  add	  the	  HA	  condition.	  Given	  the	  task-­‐dependence	  of	  bimodal	  benefit	  
(Crew	   et	   al.	   2015),	   it	   would	   also	   be	   interesting	   to	   include	   different	   discrimination	   tasks,	   such	   as	  
speech	   contrasts,	   melodic	   contrasts,	   or	   contrasts	   in	   binaural	   cues.	   These	   contrasts	   may	   cover	  
different	   aspects	  of	  bimodal	  benefit.	  One	   could,	   for	   instance,	   expect	   that	   the	  majority	  of	  bimodal	  
listeners	  benefit	   from	  the	   fine-­‐structure	   information,	  but	   that	  benefit	   in	   terms	  of	  binaural	  hearing	  
depends	  on	  several	   factors,	  such	  as	  the	  amount	  of	  residual	  hearing	  (Francart	  et	  al.	  2009),	  binaural	  
experience	   early	   in	   life,	   hearing	   aid	   use	   before	   implantation,	   and	   experience	   with	   the	   bimodal	  
hearing.	  Since	  adult	  plasticity	  of	  binaural	  hearing	  seems	  to	  depend	  on	  training	  (Kacelnik	  et	  al.	  2006),	  
binaural	   benefit	   from	  bimodal	   hearing	  may	   improve	   over	   time	   (Luntz	   et	   al.	   2005,	   2007).	   It	  would	  
therefore	   be	   interesting	   to	   include	   newly	   implanted	   bimodal	   listeners	   in	   a	   longitudinal	   follow-­‐up	  
study.	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4.2	  	   Conclusions	  
The	  first	  part	  of	  this	  thesis	  focused	  on	  the	  ABR,	  since	  the	  brainstem	  is	  the	  first	  level	  at	  which	  binaural	  
interaction	  occurs.	  Binaural	  interaction	  was	  initially	  investigated	  in	  normal	  hearing	  young	  adults	  and	  
adults	  with	  age-­‐appropriate	  hearing.	  Although	  binaural	  interaction	  can	  be	  demonstrated	  in	  the	  ABR,	  
individual	  diagnosis	   is	  hampered	  due	  to	  the	   low	  signal-­‐to-­‐noise	  ratio	  of	  some	  individual	  responses.	  
Subsequently,	  we	  developed	  a	   technique	   to	   investigate	  brainstem	  processing	   in	  bimodal	   listeners.	  	  
Although	   the	   low	  prevalence	  of	   the	   acoustical	  ABR	   in	   bimodal	   listeners	   severely	   limits	   the	   clinical	  
utility	  of	  the	  technique,	  we	  showed	  that	  it	  is	  feasible	  to	  record	  bimodal	  ABRs.	  Future	  studies	  may	  use	  
this	   technique	   in	   SSD	   subjects	   to	   gain	   further	   insight	   into	   brainstem	   processing	   of	   bimodal	  
stimulation.	  	  
The	   second	   part	   of	   this	   thesis	   focused	   on	   the	   cognitive	   P300	   ERP.	   Unlike	   the	   ABR,	   the	   P300	   ERP	  
seems	   to	  be	  a	  promising	   technique	   to	  objectively	  assess	   individual	  bimodal	  benefit.	   In	  all	  but	  one	  
subject,	   P300	   ERPs	   clearly	   improved	   in	   bimodal	   compared	   to	   CI-­‐only	   listening.	   Interestingly,	   the	  
subject	  with	   the	   largest	   improvement	  on	   the	  behavioral	   task	   showed	   the	   largest	   improvements	   in	  
terms	   of	   the	   cognitive	   P300	   ERP.	   Another	   remarkable	   finding	  was	   that	   P300	   ERPs	   improved	   even	  
subjects	  who	  showed	  a	  ceiling	  effect	  on	  a	  related	  behavioral	  task.	  These	  data	  suggest	  that	  the	  P300	  
ERP	  may	   be	   a	   valuable	   electrophysiological	   test	   to	   objectify	   bimodal	   benefit,	  which	   is	   not	   always	  
measurable	  with	  behavioral	  measures.	  	  
ABRs	  and	  P300	  ERPs	  may	  provide	  complementary	  information.	  At	  group	  level,	  the	  ABR	  may	  provide	  
a	   technique	   to	   gain	   fundamental	   insight	   into	   auditory	   processing	   of	   bimodal	   stimulation.	   At	   an	  
individual	  level,	  the	  P300	  ERP	  may	  provide	  a	  technique	  to	  objectively	  assess	  bimodal	  benefit.	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Cochlear	   implantation	   has	   been	   the	   standard	   treatment	   for	   bilateral	   severe-­‐to-­‐profound	   hearing	  
loss.	   The	   continuous	   advances	   in	   cochlear	   implant	   (CI)	   technology	   have	   led	   to	   a	   relaxation	   of	   the	  
implantation	   criteria.	   Consequently,	   CI-­‐candidacy	   has	   extended	   to	   include	   hearing-­‐impaired	  
individuals	   with	   increasing	   amounts	   of	   residual	   hearing.	   These	   individuals	   combine	   electrical	   and	  
acoustical	  hearing.	  Bimodal	  hearing	   refers	   to	   the	   combination	  of	  electrical	  hearing	   in	  one	  ear	  and	  
acoustical	   hearing	   in	   the	   other	   ear.	   The	   latter	   usually	   requires	   amplification	   by	   a	   conventional	  
hearing	  aid.	  Bimodal	  hearing	  generally	  improves	  speech	  perception	  in	  noise,	  sound	  localization,	  and	  
music	  appreciation.	  Despite	  these	  overall	  benefits,	  there	  is	  an	  unexplained	  inter-­‐subject	  variability	  in	  
bimodal	  benefit.	  As	  stated	  in	  Chapter	  1,	  the	  objective	  of	  this	  dissertation	  was	  twofold.	  The	  first	  goal	  
was	  to	  gain	  insight	  into	  the	  central	  auditory	  processing	  of	  electrical	  and	  acoustical	  signals.	  A	  better	  
understanding	  of	  the	  cortical	  and	  subcortical	  processes	  underlying	  bimodal	  hearing	  may	  improve	  the	  
counseling	  and	  outcome	  in	  these	  patients.	  The	  second	  goal	  was	  to	  develop	  an	  electrophysiological	  
test	   to	   objectively	   assess	   bimodal	   benefit.	   These	   research	   goals	   were	   investigated	   using	   auditory	  
evoked	  potentials	  (AEPs),	  more	  specifically	  auditory	  brainstem	  responses	  (ABRs)	  and	  cognitive	  P300	  
auditory	  event-­‐related	  potentials	  (ERPs).	  
Chapter	  2	  of	  this	  dissertation	  focused	  on	  the	  ABR,	  since	  the	  brainstem	  is	  the	  first	  level	  at	  which	  the	  
information	  of	   both	   ears	   is	   compared.	   Binaural	   interaction	   in	   the	  ABR	  was	   initially	   investigated	   in	  
normal	   hearing	   young	   adults	   (Chapter	   2.1).	   The	   major	   outcome	   of	   this	   study	   was	   that	   binaural	  
interaction	   can	  be	  demonstrated	   in	   the	  ABR.	  However,	   individual	   diagnosis	  was	  hampered	  by	   the	  
low	  signal-­‐to-­‐noise	  ratio	  of	   the	   individual	   responses.	   In	  a	  subsequent	  study,	  binaural	   interaction	   in	  
the	  ABR	  was	  assessed	  in	  several	  age	  groups	  (Chapter	  2.2).	  This	  study	  revealed	  an	  age-­‐related	  change	  
in	   brainstem	  binaural	   interaction.	   Interestingly,	   the	   age-­‐related	   changes	   appeared	   to	   be	   stimulus-­‐
dependent.	   Last,	  brainstem	  binaural	   interaction	  was	   investigated	   in	  bimodal	   listeners.	  Chapter	  2.3	  
discussed	  the	  literature	  regarding	  brainstem	  binaural	  interaction	  in	  bimodal	  listeners.	  Based	  on	  this	  
overview,	  Chapter	  2.4	  suggested	  a	  technique	  to	  investigate	  brainstem	  binaural	  processing.	  The	  latter	  
study	  compared	  ABRs	  to	  pitch-­‐	  and	  loudness-­‐balanced	  monaural	  acoustical,	  monaural	  electrical,	  and	  
bimodal	   stimulation.	   Although	   acoustical	   ABRs	   were	   not	   always	   present,	   our	   preliminary	   data	  
showed	   that	   bimodal	   ABRs	   can	   be	   recorded.	   The	   technique	   provides	   an	   exceptional	   temporal	  
resolution.	  Future	  studies	  may	  use	  this	  technique	  to	  assess	  the	  temporal	  disparity	  of	  electrical	  and	  
acoustical	  stimulation	  in	  single-­‐sided	  deaf	  CI-­‐users.	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Since	  bimodal	  benefit	  may	  also	  depend	  on	  higher	  levels	  of	  auditory	  processing,	  Chapter	  3	  focused	  on	  
the	  cognitive	  P300	  ERP.	  To	  optimize	  the	  P300	  recording	  paradigm,	  cognitive	  P300	  ERPs	  were	  initially	  
recorded	  in	  normal	  hearing	  young	  adults	  (Chapter	  3.1).	  Subsequently,	  we	  explored	  the	  utility	  of	  the	  
cognitive	  P300	  ERP	  to	  objectify	  the	  added	  value	  of	  the	  acoustical	  auditory	  input	  in	  bimodal	  hearing	  
(Chapter	  3.2).	   Cognitive	  P300	  ERPs	  were	   therefore	   recorded	   in	  CI-­‐only	   and	  bimodal	   listening.	  One	  
subject	  showed	  unclear	  responses.	   In	  all	  other	  subjects,	  bimodal	  hearing	  consistently	  elicited	  P300	  
responses	   with	   improved	  morphology,	   shorter	   latencies,	   and	   larger	   amplitudes.	   Interestingly,	   the	  
subject	  with	  the	  largest	  improvement	  on	  a	  related	  behavioral	  task	  also	  showed	  the	  largest	  changes	  
in	  terms	  of	   the	  cognitive	  P300	  ERP.	  Although	  these	  results	  are	  preliminary,	   these	  findings	  seem	  to	  
indicate	  that	  P300	  may	  be	  a	  valuable	  technique	  to	  assess	  the	  added	  value	  of	  the	  acoustical	  auditory	  
input	  in	  bimodal	  hearing.	  	  
	   	  




De	   ontwikkeling	   van	   het	   cochleaire	   implantaat	   (CI)	   betekende	   een	   belangrijke	   doorbraak	   in	   de	  
behandeling	  van	  doofheid.	  Door	  de	  technologische	  vooruitgang	  zijn	  de	  resultaten	  met	  CI	  verbeterd,	  
waardoor	   nu	   ook	   mensen	   met	   een	   minder	   ernstige	   vorm	   van	   slechthorendheid	   in	   aanmerking	  
kunnen	  komen	  voor	  cochleaire	   implantatie.	  Hierdoor	   is	  er	  een	  toenemend	  aantal	  personen	  dat	  na	  
implantatie	   restgehoor	   behoudt	   in	   het	   contra-­‐	   en/of	   ipsilaterale	   oor.	   De	   term	   ‘bimodaal	   horen’	  
verwijst	   naar	   de	   combinatie	   van	   een	   CI	   en	   contralateraal	   restgehoor.	   Het	   restgehoor	   wordt	  
doorgaans	  versterkt	  door	  een	  klassiek	  hoortoestel.	  Op	  die	  manier	  hoort	  de	  patiënt	  zowel	  elektrisch	  
als	  akoestisch.	  Onderzoek	   toont	  aan	  dat	  bimodaal	  horen	  doorgaans	   leidt	   tot	  verbeteringen	  op	  het	  
vlak	   van	   spraakverstaan	   in	   rumoer,	   geluidslokalisatie	   en	   muziekwaarneming.	   Er	   is	   echter	   een	  
aanzienlijke	  variabiliteit	  in	  de	  resultaten	  met	  bimodale	  stimulatie.	  Zoals	  aangegeven	  in	  Hoofdstuk	  1	  
had	  dit	  doctoraatsonderzoek	  twee	  doelstellingen.	  Ten	  eerste	  wou	  men	  meer	  inzicht	  verkrijgen	  in	  de	  
centraal	   auditieve	   verwerking	   van	   simultaan	   aangeboden	   elektrische	   en	   akoestische	   signalen.	   Een	  
beter	  inzicht	  in	  de	  corticale	  en	  subcorticale	  verwerking	  van	  bimodale	  stimulatie	  kan	  de	  outcome	  en	  
counseling	   van	   deze	   patiënten	   verbeteren.	   Ten	   tweede	   wou	   men	   een	   elektrofysiologische	  
testbatterij	   ontwikkelen	   die	   de	   meerwaarde	   van	   de	   akoestische	   input	   objectiveert.	   Deze	  
doelstellingen	  werden	  onderzocht	  aan	  de	  hand	  van	  auditief	  geëvokeerde	  potentialen,	  meer	  bepaald	  
auditief	  geëvokeerde	  hersenstampotentialen	  en	  cognitieve	  P300-­‐responsen.	  
Hoofdstuk	  2	  van	  dit	  proefschrift	  onderzocht	  binaurale	  interactie	  ter	  hoogte	  van	  de	  hersenstam.	  De	  
hersenstam	  is	  namelijk	  het	  eerste	  niveau	  waar	  binaurale	  interactie	  plaatsvindt.	  Binaurale	  interactie	  
op	   hersenstamniveau	   werd	   in	   eerste	   instantie	   onderzocht	   in	   een	   groep	   van	   normaalhorende	  
jongvolwassenen	   (Hoofdstuk	   2.1).	   De	   belangrijkste	   bevinding	   van	   deze	   studie	   was	   dat	   binaurale	  
interactie	  aangetoond	  kan	  worden	  in	  auditief	  geëvokeerde	  hersenstampotentialen.	  Een	  individuele	  
diagnose	   aan	   de	   hand	   van	   deze	   techniek	   bleek	   echter	   onbetrouwbaar	   omwille	   van	   de	   zwakke	  
signaal-­‐ruisverhouding	   van	   de	   individuele	   responsen.	   Vervolgens	   werd	   binaurale	   interactie	  
onderzocht	  bij	  normaalhorende	  volwassenen	  uit	  verschillende	  leeftijdscategorieën	  (Hoofdstuk	  2.2).	  
Deze	  studie	  toonde	  aan	  dat,	  afhankelijk	  van	  de	  gebruikte	  stimulus,	  binaurale	   interactie	  vermindert	  
met	   toenemende	   leeftijd.	   Uiteindelijk	   werden	   auditief	   geëvokeerde	   hersenstampotentialen	  
aangewend	   om	   de	   verwerking	   van	   bimodale	   prikkels	   te	   onderzoeken.	   Hoofdstuk	   2.3	   geeft	   een	  
overzicht	  van	  de	  literatuur.	  Dit	  hoofdstuk	  gaf	  de	  aanleiding	  tot	  de	  techniek	  die	  voorgesteld	  werd	  in	  
Hoofdstuk	   2.4.	   Hoofdstuk	   2.4	   had	   als	   doel	   de	   verwerking	   van	   bimodale	   prikkels	   op	  
hersenstamniveau	   te	   onderzoeken.	   In	   deze	   studie	   werden	   auditieve	   hersenstampotentialen	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uitgelokt	   door	   monauraal	   akoestische,	   monauraal	   elektrische	   en	   bimodale	   stimulatie	   die	  
gebalanceerd	  waren	  qua	  toonhoogte	  en	  luidheid.	  Hoewel	  de	  akoestische	  ABR	  niet	  steeds	  aanwezig	  
was,	   toonde	   deze	   studie	   aan	   dat	   bimodale	   ABR’s	   opgemeten	   kunnen	   worden.	   De	   techniek	   heeft	  
bovendien	  een	  exceptionele	  temporele	  resolutie.	  Toekomstig	  onderzoek	  zou	  deze	  techniek	  kunnen	  
gebruiken	   in	   eenzijdig	   dove	   patiënten	   met	   een	   CI.	   Op	   die	   manier	   zou	   men	   meer	   inzicht	   kunnen	  
verwerven	  in	  de	  temporele	  verschillen	  tussen	  de	  elektrische	  stimulatie	  enerzijds	  en	  de	  akoestische	  
stimulatie	  anderzijds.	  
Hoofdstuk	   3	   van	   dit	   proefschrift	   onderzocht	   de	   cognitieve	   P300-­‐responsen.	   In	   een	   eerste	   studie,	  
werden	  cognitieve	  P300	  responsen	  opgemeten	  in	  een	  groep	  van	  normaalhorende	  jongvolwassenen	  
(Hoofdstuk	  3.1).	  Dit	  had	  als	  doel	  de	  P300	  opnameparameters	  te	  optimaliseren.	  Vervolgens	  werd	  een	  
groep	  bimodale	  luisteraars	  getest	  (Hoofdstuk	  3.2).	  Om	  de	  toegevoegde	  waarde	  van	  het	  restgehoor	  
te	  objectiveren,	  werd	  de	  cognitieve	  P300-­‐respons	  opgemeten	  in	  de	  bimodale	  en	  CI-­‐alleen	  conditie.	  
Eén	   proefpersoon	   vertoonde	   moeilijk	   te	   interpreteren	   responsen	   in	   beide	   luistercondities.	   Alle	  
andere	  proefpersonen	  hadden	  duidelijk	  P300-­‐responsen	  met	  een	  betere	  morfologie,	  korte	  latenties	  
en	  grotere	  amplituden	  in	  de	  bimodale	  dan	  in	  de	  CI-­‐alleen	  conditie.	  Bovendien	  vertoonde	  de	  persoon	  
met	   het	   grootste	   voordeel	   een	   gerelateerde	   gedragsmatige	   test	   ook	   de	   grootste	   verbetering	  wat	  
betreft	  de	  P300-­‐respons.	  Hoewel	  deze	   resultaten	  preliminair	   zijn,	   lijkt	  de	  P300	  een	  veelbelovende	  
techniek	  om	  de	  toegevoegde	  waarde	  van	  het	  akoestisch	  restgehoor	  te	  objectiveren.	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Het	  eindresultaat	  is	  er:	  mijn	  doctoraat	  is	  af.	  Nog	  belangrijker	  dan	  het	  eindresultaat	  zijn	  de	  ervaringen	  
die	   ik	   tijdens	   deze	   periode	   heb	   opgedaan.	   Niet	   alleen	   heb	   ik	  mij	  mogen	   verdiepen	   in	   een	   enorm	  
boeiend	  thema,	  ook	  heb	  ik	  een	  aantal	  fantastische	  mensen	  mogen	  ontmoeten.	  
Prof.	   Dr.	   Ingeborg	  Dhooge,	  u	  heeft	  mij	  de	  kans	  gegeven	  om	  dit	  doctoraat	  aan	   te	  vangen.	   Ik	  wil	  u	  
oprecht	  bedanken	  voor	  uw	  vertrouwen	  in	  mij.	  U	  gaf	  mij	  de	  vrijheid	  om	  dit	  project	  een	  eigen	  invulling	  
te	  geven.	  Ook	  vond	  u	  meermaals	  de	  nodige	  fondsen,	  waardoor	  ik	  dit	  doctoraat	  tot	  een	  goed	  einde	  
kon	  brengen.	  Ik	  ben	  u	  dan	  ook	  zeer	  erkentelijk.	  	  
Dit	  onderzoek	  was	  niet	  hetzelfde	  geweest	  zonder	  mijn	  co-­‐promotor	  Dr.	  Andy	  Beynon.	  Beste	  Andy,	  
jouw	  kritische	  reflectie	  ‘Is	  de	  BIC	  een	  echte	  EP-­‐component	  of	  eerder	  een	  subtractiebias?’	  betekende	  
een	  keerpunt	  in	  dit	  onderzoeksproject.	  Ik	  heb	  veel	  van	  je	  geleerd	  en	  ook	  veel	  plezier	  met	  je	  gehad.	  
Dank	  je	  voor	  de	  uitstekende	  begeleiding	  en	  de	  vriendschap!	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   wens	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   de	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   van	  mijn	   begeleidingscommissie	   te	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   Katrien	   Vermeire,	  
dankzij	  jou	  heb	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  mijn	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  de	  CI-­‐wereld	  gevonden.	  Je	  hebt	  mij	  geholpen	  bij	  mijn	  zoektocht	  naar	  
een	  post-­‐doc	  positie,	  wat	  uiteindelijke	  zijn	  vruchten	  heeft	  afgeworpen.	  Bedankt	  daarvoor.	  Prof.	  Dr.	  
Rolf-­‐Dieter	   Battmer,	   thank	   you	   for	   introducing	  me	   to	   the	  pains	   and	  pitfalls	   of	   recordings	  ABRs	   in	  
bimodal	  listeners.	  It	  was	  the	  start	  of	  this	  project.	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   also	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   to	   thank	   the	  members	   of	   the	   examination	   board.	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   Dr.	   Paul	   Boon,	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   Dr.	  
Naïma	  Deggouj,	  Prof.	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  Leybaert,	  Prof.	  Dr.	  Dick	  Stegeman,	  Prof.	  Dr.	  Peter	  Van	  Eenoo,	  Prof.	  
Dr.	   Kristl	   Vonck,	   Prof.	   Dr.	   Martin	   Walger,	   thank	   you	   for	   taking	   the	   time	   and	   effort	   to	   read	   and	  
evaluate	  this	  thesis.	  	  
Het	   Institute	   for	   Neuroscience	   ben	   ik	   dankbaar	   voor	   de	   financiële	   steun.	   Bovendien	   droeg	   de	  
feedback	  tijdens	  de	  interne	  peer	  reviews	  ongetwijfeld	  bij	  tot	  de	  kwaliteit	  van	  dit	  proefschrift.	  Na	  de	  
peer	  reviews	  moest	  er	  al	  eens	  geventileerd	  worden.	  Daarvoor	  kon	  ik	  terecht	  bij	  Annelies,	  Katja	  en	  
Stefanie.	  Ik	  wil	  jullie	  daarvoor	  bedanken.	  
Voor	  technische	  ondersteuning	  kon	  ik	  terecht	  bij	  de	  firma’s	  Cochlear,	  Advanced	  Bionics	  en	  Acertys.	  
In	  het	  bijzonder	  wil	  ik	  Filip	  Van	  Elsen	  bedanken.	  Geen	  email	  of	  telefoontje	  was	  je	  te	  veel!	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Een	   woord	   van	   dank	   aan	   alle	   proefpersonen	   is	   hier	   zeker	   op	   zijn	   plaats.	   Zonder	   jullie	   is	   er	   geen	  
klinisch-­‐wetenschappelijk	  onderzoek.	  Hartelijk	  dank	  voor	   jullie	   inzet	  en	  om	  tijdens	  mijn	   langdurige	  
onderzoeken	  niet,	  of	  net	  wel,	  in	  slaap	  te	  vallen.	  	  
Het	  zijn	  mijn	  collega’s	  die	  zorgden	  voor	  een	  leuke	  werksfeer.	  Stephen,	  Lotte,	  Sandrien,	  Freya,	  Nele,	  
Birgit,	  Cleo,	  Miek,	  Annika,	  en	  Sien,	  een	  warm	  dankjulliewel.	  Ik	  werkte	  liever	  ’s	  avonds	  laat,	  dan	  een	  
middagpauze	   over	   te	   slaan.	   De	   reden	   hiervoor	   is	   simpel.	   Ik	   genoot	   van	   onze	   babbels,	   grapjes	   en	  
uiteraard	  ook	  van	  de	  koffietjes.	  Prof.	  Dr.	  Els	  De	  Leenheer	  en	  Prof.	  Dr.	  Helen	  Van	  Hoecke,	  wat	  heb	  ik	  
graag	   BERA’s	   afgenomen	   voor	   jullie!	   Ik	   zal	   het	   OK	   missen.	   Ook	   alle	   andere	   stafleden	   en	   arts-­‐
assistenten,	   in	   het	   bijzonder	   Frederic,	   ben	   ik	   dankbaar	   voor	   de	   fijne	   samenwerking.	   De	   NKO-­‐
verpleging,	  OK-­‐verpleging,	  logistiek	  medewerkers	  en	  administratief	  medewerkers	  wil	  ik	  bedanken	  
voor	  hun	  blijk	  van	   interesse	  en	  steeds	  vriendelijke	  benadering.	  Ook	  de	   collega’s	   van	  UGent	  ben	   ik	  
dankbaar.	  Sofie	   en	  Kim	   bedank	   ik	  om	   telkens	  opnieuw	   te	   luisteren	  als	   ik	  nog	  maar	  eens	   twijfelde	  
over	  mijn	  protocol.	  	  
Er	   zijn	   twee	  collega’s	  die	  een	  extra	  woord	  van	  dank	  verdienen.	  Eddy,	  een	  welgemeend	  dankjewel	  
om	  mij	   te	   begeleiden,	   zelfs	   tijdens	   je	   pensioen.	   Ik	   bewonder	   je	   grenzeloze	   kennis	   en	  waardeer	   je	  
warme	  persoonlijkheid.	  Stiekem	  hoop	  ik	  dat	   ik	  ook	  na	  dit	  doctoraat	  nog	  steeds	  bij	   jou	  terecht	  kan.	  
Stefanie,	  ik	  ben	  jou	  veel	  dank	  verschuldigd.	  Je	  bent	  niet	  alleen	  een	  collega,	  maar	  ook	  een	  vriendin	  en	  
sinds	   kort	   mijn	   flatmate.	   Ik	   vind	   het	   jammer	   om	   binnenkort	   afscheid	   te	   nemen.	   Maar	   wat	   mij	  
geruststelt,	  is	  dat	  we	  dankzij	  onze	  wanderlust	  elkaar	  sowieso	  wel	  ergens	  zullen	  tegenkomen!	  
Dan	  dien	  ik	  nog	  een	  andere,	  voormalige	  flatmate	  te	  bedanken	  (toegegeven,	  tijdens	  mijn	  doctoraat	  is	  
verhuizen	  zowaar	  een	  hobby	  geworden).	  Lieve	  Liz,	  bedankt	  voor	  je	  onvoorwaardelijke	  vriendschap.	  
Met	   jouw	  droge	  humor	  wist	   je	  mijn	  mislukte	  experimenten,	  weerlegde	  hypothesen	  en	  afgewezen	  
artikels	  te	  relativeren.	  Jij,	  Kristof,	  Helen,	  Jeremi,	  Kjell,	  Anneke	  en	  Lode	  zijn	  werkelijk	  geweldig!	  Een	  
groep	  authentieke	  mensen,	  die	  te	  gepasten	  tijde	  voor	  de	  nodige	  ontspanning	  zorgden.	  	  
Uiteraard	  wens	  ik	  ook	  mijn	  familie	  te	  bedanken.	  Tante	  Els,	  bij	  jou	  kan	  ik	  altijd	  terecht.	  Als	  het	  eens	  
wat	   minder	   goed	   gaat,	   word	   ik	   direct	   uitgenodigd	   voor	   een	   weekendje	   in	   Knesselare.	   Bedankt!	  
Mama,	  papa	  en	  Joeri,	  het	  is	  onmogelijk	  om	  hier	  alles	  op	  te	  sommen	  waarvoor	  ik	  jullie	  dankbaar	  ben.	  
Ik	  zal	  mij	  dus	  moeten	  beperken	  tot	  hetgeen	  heeft	  bijgedragen	  tot	  dit	  doctoraat.	  Mijn	  broer,	  Joeri,	  wil	  
ik	   bedanken	   voor	   zijn	   artistieke	   inbreng.	   Jouw	   afbeelding	   maakt	   mijn	   boekje	   nog	   persoonlijker.	  
Bovendien	  staat	  het	  symbool	  voor	  iets	  wat	  onze	  ouders	  hoog	  in	  het	  vaandel	  dragen:	  elkaar	  helpen.	  
Mama	  en	  papa,	  als	  er	  iets	  is	  dat	  aan	  de	  basis	  ligt	  van	  het	  welslagen	  van	  dit	  doctoraat,	  dan	  is	  het	  wel	  
de	  werkethiek	  die	  jullie	  mij	  hebben	  meegegeven.	  Bedankt	  voor	  alles!	  
CHAPTER	  5	  -­‐	  APPENDICES	  
	  
149	  
I	  started	  these	  acknowledgements	  stating	  how	  lucky	  I	  am	  to	  have	  met	  all	  of	  these	  amazing	  people.	  
There	  is	  yet	  another,	  truly	  special,	  person	  that	  I	  have	  met	  during	  my	  Ph.D.	  Sweet	  Jaime,	  it	  is	  time	  to	  























Dit	  werk	  kwam	  tot	  stand	  dankzij	  de	  financiële	  steun	  van	  het	  Instituut	  voor	  Neurowetenschappen.	  
	  
